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Early in 1917 the English Medical Research Committee, reporting 


for Bainbridge and Trevan (1), announced that shock can be produced 
in animals by the continuous injection of adrenalin for 20 minutes or 
more, at such a rate as to keep the arterial pressure up to that attained 
by moderate stimulation of sensory nerves. They found that during 
the injection the arterial pressure rose to a high level, that the systemic 
venous pressure either was not altered or fell, and that the portal pres- 
sure rose and remained at a high level, indicating an obstruction to the 
flow of blood through the liver. In the course of our investigation of 
shock we have repeated certain phases of the experiments of Bainbridge 
and Trevan and as a result have gained considerable information bear- 
ing upon the so-called shock-producing action of adrenalin, and upon 
the action of massive doses of adrenalin in general. 

In the course of this investigation information was desired with re- 
gard to the effect of interposing a high resistance to the passage of the 
blood through the liver at the point where the normal peripheral re- 
sistance of this organ presumably resides. This led to a study of the 
effect upon the circulation of injecting into the portal vein toward the 
liver a suspension of lycopodium spores. This series of experiments 
forms the basis of the second part of this paper. 
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THE CIRCULATION AFTER THE CONTINUOUS INJECTION OF MASSIVE DOSES 
OF ADRENALIN 


Methods 


The adrenalin, usually consisting of from 6 to 11 cc. of the 1: 1000 
solution freshly obtained from Parke, Davis and Company, was in- 
jected, usually into the femoral vein, in the course of 21 to 29 minutes, 
an aliquot part entering the circulation rapidly at the beginning of 
each half-minute. After the first two or three injections the arterial 
pressure no longer falls in the intervals;—the effect becomes continuous. 
In a few experiments the injection was made into a mesenteric vein. 
We were unable to distinguish any clear difference in the response of 
the organism to the administration of the adrenalin by these different 
paths. A record was made of the pressure in the carotid artery, and 
the peripheral resistance was measured by the inflow method (2), (3). 
In some of the experiments readings of the jugular and portal venous 
pressures were also made from time to time, by the method previously 
described. It must be borne in mind in connection with these experi- 
ments that the inflow method gives but faint clue to the action of the 
vasomotor center as long as the adrenalin is exerting its effects peripher- 
ally. Dogs alone were used; they were anesthetized with ether. The 
criteria of shock herein employed have been those described in the 
first paper of this series (3). 


Results 


The action of these doses of adrenalin has been so variable that a 
clear conception of it can be conveyed only by describing and discussing © 
a number of the experiments. An attempt at generalization before such 
a detailed treatment would surely fail to carry conviction. 


Experiment 41 (fig. 1). The first injection, lasting 21 minutes, consisted of 
about 6 cc. of 1: 1000 adrenalin. It raised the arterial pressure from 120 mm. 
Hg. and held it at about 168 mm. Hg. With the termination of the injection the 
arterial pressure fell abruptly to 74 mm. Hg., and then to 62, before it recovered 
slowly to 92 mm. Hg. 

The inflow rate (femoral area) was not followed during the injection period, but 
immediately thereafter it was almost nil. It quickly increased, however, to at- 
tain more than twice its initial rate within 5 minutes, and then decreased some- 
what more deliberately, finally becoming constant at about half the initial rate. 
It would seem, therefore, that the adrenalin at first practically stops the blood 
flow in the femoral area, but that, with the termination of the injection, there 
develops, almost immediately, a tremendous dilatation. When this has passed 
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off and the peripheral action of the adrenalin presumably has come to an end, the 
center seems to be normally active; indeed it is more than normally active, pre- 
sumably under the stimulus of an abnormally low arterial pressure. 

A second injection of 6 ec. adrenalin in the course of 20 minutes raised the 
arterial pressure to 164 mm. Hg. and caused the heart to become very irregular, 
c. With the completion of the injection the arterial pressure declined somewhat 
more slowly than after the first injection, but it finally got as low as 40 mm. Hg. 
The heart here, d, seemed to be failing; but about 20 minutes later, at e, the heart’s 
action improved and the arterial pressure began to rise. 


Time ovT 


Hr. 2:20 3:00 

Fig. 1. Experiment 41. Effect of injecting adrenalin. Arterial pressure, 
—@— @—; femoral inflow, --@--@--. «a, injecting 6.0 cc. adrenalin, 1: 1000; 
b, injecting 6.0 cc. adrenalin, 1: 1000; c, heart irregular; d, heart seems to be fail- 
ing; e, heart improving; f, trachea clamped until animal dies. 


This injection, also, practically stopped the femoral inflow. And similarly, 
the inflow rate, after the termination of the injection, started almost at once to 
increase; but it soon decreased again to begin a slower ascent. The parts of the 
inflow curve between the termination of the second injection and about 5:00 may 
be regarded as picturing a, the recovery of the vasoconstrictor mechanism from 
the peripheral action of the adrenalin (1st ascent); b, the stimulation of the center 
by the low arterial pressure (lst descent); c, the giving way of the center under 
the influence of the low arterial pressure of 40 mm. Hg. (2nd ascent); and finally, 
d, the recovery of the center as the arterial pressure rises (2nd descent), the cen- 
ter here being stimulated by the low arterial pressure to maintain a high grade 
of constriction. As the animal seemed to be recovering from the second dose the 
experiment was terminated by clamping the trachea, at f. The preliminary as- 
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phyxial constriction followed by complete failure of the constrictor center is 
readily discernible in the chart. 

In this experiment, therefore, the injection of adrenlin, 1: 1000, at the rate of 
about 0.04 cc. per second failed to produce shock. The circulation was, however, 
distinctly damaged by each of the injections, as evidenced by the low arterial 
pressure and the high tone of the center that finally developed. The experiment 
gives no clue to the cause of the disturbance, except to indicate that a part of the 
effect of the second dose probably was exerted through the heart. 

Experiment 42 (fig. 2). The first injection (5 cc. of 1: 1000 adrenalin in 22 min- 
utes, dog weighing 6 kilo) raises the arterial pressue from 107 to 140 mm. Hg. 
After the completion of the injection the arterial pressure falls in 12 minutes to 
67 mm.-Hg. and then rises more slowly to about 90 mm. Hg. where, practically, 
it remains. 


CL, 
1.5 150 


1.0 100 


3:00 4:00 $:00 5:30 


Fig. 2. Experiment 42. Effect of injecting adrenalin. Arterial pressure, 
— @— @—; femorai inflow, --@--@--. a, injecting 5.0 ce. adrenalin, 1: 1000; 
b, heart irregular; c, injecting 7.5 ec. adrenalin, 1: 1000; d, heart irregular. 


During and immediately after the injection, the inflow (femoral) is practically 
nil, but in 12 minutes it has returned almost to the initial level. Subsequently, 
however, the inflow rate falls somewhat. As in the preceding experiment, there- 
fore, when the conditions become constant after the injection, the vasomotor tone 
is high, yet the arterial pressure is somewhat depressed. Evidently the circula- 
tion has been hurt; even under the influence of a vasomotor constriction the 
arterial pressure is subnormal. 

The second dose consisted of 7.5 ec. of 1: 1000 adrenalin; it was given in 23 
minutes. Although it constricts the arteries even more markedly than did the 
first dose, yet the arterial pressure does not rise so high; and despite continuation 
of the constriction, the arterial pressure falls during the terminal part of the in- 
jection as well as subsequently. At the time the experiment was terminated the 
inflow rate was increasing, but still was well below normal, and the arterial pres- 
sure was falling. The heart became irregular during the injection and remained 
so almost to theend. It is doubtful if the fall in pressure can be attributed to this 
effect of the adrenalin upon the heart, for when the heart eventually became regu- 
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lar the blood pressure did not improve. Presumably the process would have gone 
on to death if the experiment could have been continued longer. 

In this experiment the cause of the low arterial pressure is not definitely deter- 
minable; it probably is not due to the effect upon the heart, and certainly not to 
peripheral dilatation. By exclusion, therefore, a diminution in blood volume 
seems to be the disturbing factor. 

Experiment 43 (fig. 3). In this experiment the jugular and portal venous pres- 
sures were followed in addition to the arterial pressure and the femoral inflow. 
The dog weighed 5.8 kilo. The injection of 8 cc. of a 1: 1000 solution of adrenalin 
in the course of 28 minutes at first raised the arterial pressure from 100 to 140 
mm. Hg., but the pressure soon fell to 122 and after some 21 minutes began to 
fall again and at such a rate that, by the completion of the injection, the arterial 
pressure was back to its initial level, and still was falling. It had fallen to 90 mm. 
Hg. when, without any apparent cause or warning, respiration stopped, c. Ar- 
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Fig. 3. Experiment 43. Effect of injecting adrenalin. Arterial pressure, 
— @— @—; femoral inflow, - - @- - @- -; portal pressure, — O— O—; jugular pres- 
sure, X xX X. 4, injecting 8.0 cc. adrenalin, 1: 1000; b, heart irregular; c, respira- 
tion stopped, artificial respiration started; d, heart stopped. 


tificial respiration, without ether, was immediately inaugurated. The arterial 
pressure abruptly fell 20 mm. Hg. but rose again, presumably under the influence 
of the artificial respiration and possibly also of a change in the character of the 
heart beat, to 127 mm. Hg. This pressure was maintained only as long as the 
changed heart beat lasted,—about 2 minutes; then the arterial pressure fell back 
to, indeed, somewhat below the level from which the sudden rise had started. 
Shortly thereafter, however, the heart very suddenly and unexpectedly stopped 
beating. We are of the opinion that in this case the sudden cessation of respira- 
tion and also the sudden stoppage of the heart were due to the direct and separate 
action of the adrenalin upon the medullary center and upon the heart. Whether 
this action was exerted directly upon the organs in question or indirectly through 
their blood vessels is a question that must be left open. This statement is made 
in full knowledge of the almost universal belief that adrenalin has but little action 
upon the blood vessels of these organs. We will have occasion to refer to this 
topic again. 
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The femoral inflow was practically stopped by the injection. It did not in- 
crease materially until the animal died, and it was still far below normal even 25 
minutes after death. The fact that the inflow accelerated perceptibly at the 
moment the animal died may be taken to mean that during life the peripheral 
action of the adrenalin had been reinforced somewhat through central action. 
It is obvious, however, that in experiments of this character it matters little 
what the center may be doing,—for the vessels are maximally constricted by the 
direct action of the adrenalin. 

The injection raised the portal pressure promptly from 10.5 to 15.5 mm. Hg., 
but in the course of 9 minutes it dropped back practically to the original level. 
It then slowly rose to 13 mm. Hg., fluctuated slightly at the time respiration 
stopped, and then fell after death, though no more rapidly than before. 

Although these observations on the portal pressure cannot be interpreted in 
the absence of information with regard to the simultaneous behavior of the splanch- 
nic, at least, if not also of the hepatic, resistance, they are none the less of some 
value in that they indicate that a high portal pressure is not the cause of the cir- 
culatory disturbance. The height to which the portal pressure is raised here 
is not sufficient, presumably, to cause a dangerous retention of blood in the portal 
area. 

The jugular pressure, excepting one reading made shortly after beginning to 
give the adrenalin, falls progressively during and subsequently to the administra- 
tion of the adrenalin. It mounts again, and quite rapidly, at the time respiration 
fails. This was probably caused by the pressure of the artificial respiration, and 
in part by the failure of the heart. It should be noted that the inception of the 
cardiac irregularity, a, is without effect upon the jugular pressure. This fact 
may be taken to mean that the arrhythmia did not reduce the effectiveness of the 
heart as a pump. 

In this experiment, therefore, the fall in arterial pressure occurring between 
the termination of the injection and failure of the heart cannot be attributed to 
loss in arterial tone, for the arteries are markedly constricted (unless other areas 
do not behave as does the femoral area, and of thismore later) ;and probably not 
to failure of the heart, for then the jugular pressure would have risen, as it did 
when the heart actually failed at the end; nor to accumulation of blood in the 
portal area, for the portal pressure is not high enough to hold out of the general 
circulation enough blood to dangerously reduce the volume of blood in circula- 
tion; nor to the accumulation of blood in the systemic veins, for the jugular pres- 
sure is not increased. We are then forced to ascribe the fall in arterial pressure 
to a reduction in the volume of blood returned to the heart. 

Experiment 44 (fig. 4) gives a more prolonged picture of the after-effects of adre- 
nalin injection. Thesame observations were made as in the preceding experiment. 
The injection of about 8 cc. of 1: 1000 adrenalin in the course of 21 minutes into a 
dog weighing 7.5 kilo, but exceedingly fat, raised the arterial pressure from 84-95 
to 154mm. Hg. If we neglect some variations that seem to be of no present sig- 
nificance, the arterial pressure then fell with a constantly diminishing rate until 
the end of the experiment approached. The animal died presumably through 
eventual, though gradual, failure of the respiration. With the failure of respira- 
tion and the consequent failure of the heart, the arterial pressure of course, fell 
more rapidly again. 


| 
| 
| 


CIRCULATORY FAILURE DUE TO ADRENALIN 351 


The femoral inflow was practically stopped by the adrenalin. The peripheral 
vessels began to dilate appreciably only some 40 to 50 minutes after terminating 
the injection, and only an hour before respiration failed. At the moment of death 
the inflow rate was still far below the initial level. In this experiment, again, we 
see the effect of final failure of the center upon the tone of the peripheral vessels; 
the dilatation occurring at this time proves that the constriction is only partly 
due to the peripheral action of the adrenalin. The low arterial pressure presuma- 
bly so stimulates the center as to cause it to maintain a higher grade of constric- 
tion than the peripheral action of the adrenalin alone is capable of maintaining. 
It can also be seen that the arteries are not completely dilated even 1 hour 20 
minutes after death. In large part this slow port-mortem inflow rate is due to 
something transpiring in the main artery; for the inflow rate into the unclipped ar- 
tery is only a bit faster than the inflow rate into the clipped artery. The first 
impression one gains upon encountering this phenomenon is that a clot has formed 
in the main artery. But this can not be the case, for with death there is always 


Fig. 4. Experiment 44. Effect of injecting adrenalin. Arterial pressure, 
—@—@—; portal pressure, — O— O—; femoral inflow, - -@--@--; jugular 
pressure, x x X. 4, injecting 8.0 cc. adrenalin, 1: 1000; b, heart very irregular; c, 
respiration diminishing. 


an acceleration similar to the one here seen. This would be impossible if the 
slowing were due to the presence of a clot. 

The adrenalin promptly raises the portal pressure from 8.0 to 9.5 to the as- 
tounding height of 27.0 mm. Hg.; but the pressure immediately begins to fall and 
by the end of the injection period it has returned within the initial range where, 
to all intents and purposes, it remains for about an hour. But finally, and de- 
spite the gradual dilatation of the leg (and also, presumably, of the intestinal) 
arteries, the portal pressure falls well below its initial level. 

The jugular pressure rises during the injection period from about -0.5 to 1.0 
mm. Hg. where it remains with inconsequential fluctuations until the heart prac- 
tically ceases to beat, when it rises to3.5mm. Hg. There is no obvious change in 
venous pressure in association with the beginning and the termination of the period 
of cardiac irregularity such as might be expected if the irregularity were associ- 
ated with a change in the efficiency of the heart. 

In this experiment, to summarize, the arterial pressure falls despite a strong 
peripheral constriction and despite a portal pressure, which, excepting only the 
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period of injection is normal or below normal. To the eye the mesenteric veins, 
in this case, seemed to be small. There is a slight rise in jugular pressure as a re- 
sult of the adrenalin injection. This might be considered as the expression of an 
accumulation of blood in the systemic veins, due either to diminution in the ef- 
ficiency of the heart or to a diminution in the capacity of the arteries. The 
heart was irregular for a time, but the record is without evidence that this irregu- 
larity interfered with the work of the heart. An insufficient supply of blood to 
the heart seems, therefore, to be the only factor remaining to account for the fail- 
ure of the circulation. This animal was definitely in shock during the last 50 
minutes of the experiment. 

Experiment 46 (fig.5). In this experiment the intestinal inflow was followed 
instead of the femoral inflow. The dog weighed 7.9 kilo. The first dose of adre- 
nalin was 9 cc. of 1 : 1000 in the course of 28 minutes. It raised the arterial pres- 


Fig. 5. Experiment 46. Effect of injecting adrenalin. Arterial pressure, 
—@—@—; portal pressure, — O— O--; intestinal inflow, - -@--@--; jugular 
pressure,x x x. a, injecting 9.0 cc. adrenalin, 1: 1000; b, brief pause to refill 
syringe; c, injecting 11.0 cc. adrenalin, 1: 1000; d, heart irregular; e, respiration 
slowing; f, starting artificial respiration. 


sure from 100 to 180, indeed, to190 mm. Hg. Before the completion of the injec- 
tion the arterial pressure began to fall and, barring certain fluctuations which do 
not concern us here, it declined gradually to its initial level, when the second dose 
was administered. 

The intesinal inflow rate was markedly decreased during the injection, but it 
did not fall quite to zero. It increased subsequently and became normal in the 
course of 47 minutes. But then, corresponding with a definite rise in the arterial 
pressure, the peripheral resistance again increased. 

The portal pressure was markedly increased by the injection and it remained 
high, though irregular, subsequently. The jugular pressure did not fluctuate 
more than 0.5 mm. Hg. during the entire course of the experiment, not even wher 
the heart was irregular and the respiratory rate slow. 

At 1:10 a series of interesting, though perhaps irrelevant waves in arterial 
and portal pressure was registered. In the original record it can be seen that the 
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pressure in the splenic (portal) vein rises very abruptly at the instant the arterial 
pressure begins to fall. It is to be presumed, therefore, that the cause of this 
phase of each wave is a splanchnic dilatation. 

The circulatory conditions were not quite normal when the second injection 
of adrenalin was begun. The arterial pressure, to be sure, was about normal, but 
this normal level was maintained apparently through over-activity of the vaso- 
motor center; and the portal pressure (18 mm. Hg.) was considerably above the 
initial level. Inasmuch as the intestinal arterioles were somewhat constricted at 
this time, it follows that the high portal pressure must be attributed to a con- 
tinued high portal resistance. The conditions with respect to the portal pressure 
following the first injection evidently were very different from those heretofore 
observed: they were favorable to the retention of blood in the abdominal viscera. 
Yet the circulation showed no definite evidences of failing. 

The second injection of adrenalir (11 cc. of 1: 1000) now raised the arterial 
pressure to 152 mm. Hg.: but then, despite the continuance of the injection, the 
pressure steadily fell and the heart stopped about 1} hours after terminating the 
injection. The intestinal inflow dropped practically to zero and showed very 
little tendency to increase even after the animal died. By the test described in 
another place (3) it was found, shortly after the completion of the second injec- 
tion, that the slowing of the inflow rate was due to constriction of the main inflow 
artery. The portal pressure rose irregularly during the injection period and then 
fell steadily, crossing the pre-injection level after about 20 minutes had elapsed. 
The fall in the portal pressure undoubtedly was due to the coincident fall in the 
arterial pressure. 

The possibility that the fall in the arterial pressure in experiments of this char- 
acter is due to dilatation in the splanchnic area while the somatic (femoral) area 
is constricting, finds no support in the results of this experiment. Furthermore, 
the failure of the jugular pressure to change materially seems to exclude an ac- 
cumulation of blood in the systemic veins through functional incapacity of the 
heart as a factor in the failure of the circulation. This is the first experiment in 
which the portal pressure has remained at a high level during most of the injec- 
tion and post-injection periods. Therefore, in this case the possibility that the 
failure of the circulation is due to accumulation of blood in the portal area can- 
not be excluded, though, as has been said, the portal pressure after the first injec- 
tion remained high and yet the circulation was satisfactorily maintained. It is 
recorded in the notes that the mesenteric veins were distended. 

Experiment 48 (fig. 6). The intestinal inflow was followed in this experiment 
also. The animal weighed not over 7 kilo and received a large dose of 1: 1000 
adrenalin (about 11 ce. in the course of 21 minutes). The arterial pressure was 
elevated at once from 100 to 170 mm. Hg.; it then immediately began to fall. 
With the exception of two irregularities this fall, upon the whole, was steady, and 
in the course of 2} hours carried the arterial pressure down to 80 mm. Hg. Of the 
two irregularities in the pressure fall, the first was a fall and rise in association 
with a very decided temporary slowing of the respiration,c. Webelieve these two 
events were causally related and are indicative of some transitory central change. 
It will be noted that at this time, judging by the inflow rate, the adrenalin action 
was at it height. The second change consisted of an abrupt rise in the arterial 
pressure which undoubtedly is to be attributed to the disappearance of the heart 
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irregularity, b, which had persisted almost from the very beginning of the 
injection. 

The inflow rate decreased during the injection, reaching zero with the first 
estimation after the cessation of the injection. It then gradually increased, but 
even 2 hours later it was still decidedly below normal. The portal pressure at 
first rose from 5 to 18 mm. Hg., fell somewhat, and then rose to attain a second 
crest about 70 minutes after beginning the injection. It then fell more or less 
steadily. The form of this part of the portal curve obviously is influenced by 
the arterial pressure. The fall in arterial pressure is not, however, the sole cause 
of the fall in portal pressure; for while the arterial pressure falls from 107 to 80 
mm.,a ratio of 1.3 to1, the portal pressue falls from 16 to5 mm., a ratio of 3.2 tol. 
In other-words, the portal pressure falls faster relatively than the arterial pres- 
sure, and this more rapid fall in portal pressure occurs despite a progressive dimi- 
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Fig. 6. Experiment 48. Effect of injecting adrenalin. Arterial pressure 
—@— @—; portal pressure, — O— O—; jugular pressure, x x x; intestinal in- 
flow, - - @- -@-- (for the readings marked by the sign (—) the inflow pressure was 
on a much higher than the usual level). a, injecting 11.0 cc. adrenalin, 1: 1000; 
b, heart irregular; c, respiration slow; d, injecting 11.0 cc. adrenalin, 1: 1000; e, 
heart irregular; f, change in type of heart irregularity; heart regular subse- 
quently; g, artificial respiration; the heart at this time was beating periodically. 


nution in the splanchnic resistance which ordinarily would tend to raise the por- 
tal pressure. To be in a position to interpret these changes in the portal pres- 
sure it would be necessary to know also the state of the portal resistance in the 
liver. Since this information is not at hand a decision with regard to the cause of 
the more rapid fall in the portal pressure cannot be reached. 

The continuous fall in arterial pressure probably is not due to increasing in- 
capacity of the heart. The jugular pressure to be sure is raised somewhat (1 mm.) 
during the administration of the adrenalin, but later it falls below the initial 
level; and though the heart beat under the influence of the adrenalin becomes ir- 
regular, this irregularity, b, does not persist. 

A second dose of adrenalin, similar to the first, was now given. At this time 
the circulation had by no means returned to its initial state. The arterial pres- 
sure, despite a relatively high peripheral resistance, was at least 20 mm. Hg. 
below normal. Whether conditions would in time have become normal is a ques- 
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tion that cannot be answered. The portal pressure, though, had returned to its 
initial level. Asa result of the injection the arterial pressure rose to 156 mm. Hg 
and the heart became irregular. The arterial pressure then fell steadily until, 
40 minutes later, a change in the character of the heart irregularity, f, apparently 
caused the pressure to rise slightly; another and greater rise occurred 10 minutes 
later when the heart beat became regular. The fall in arterial pressure was then 
resumed, a decrease from the level of 144 to 57 mm. Hg. taking place in the course 
of 30 minutes. The heart then exhibited a peculiar type of irregularity, the na- 
ture of which does not concern us here. 

The intestinal inflow rate was cut down by the injection almost to zero, and 
had not begun to increase even 90 minutes later, when the heart became irregular. 


Fig. 7. Experiment 49. Effect of injecting adrenalin, small and large doses 
Arterial pressure, — @— @—; portal pressure, ; jugular pressure, x x x; 
intestinal inflow, - - @- - @- - (for the readings marked by the sign (—) the inflow 
pressure was on a much higher than the usual level). a, adrenalin injection 
started and discontinued; b, injecting 11.0 cc. adrenalin, 1: 10,000; ¢, injecting 11.0 
ec. adrenalin, 1: 1000; d, heart irregular; e, respiration markedly slowed, stopped 
at f; g, artificial respiration started. 


The portal pressure was permanently elevated by the injection; it showed som: 


slight fluctuations which were always of the same sign as the large fluctuations in 
the arterial pressure. Here, therefore, the arterial pressure falls despite a high 
peripheral resistance and despite the absence of any evidence of cardiac failure 
The portal pressure, however, remained high during most of the experiment 
Therefore, the possibility that the fall in arterial pressure is due to the accumula- 
tion of blood in the splanchnic veins cannot in this case be excluded. 
Experiment 49 (fig.7). This experiment was performed primarily for the pur- 
pose of comparing the effects of small with the effects of the large doses of adre- 
nalin given in previous experiments. The first attempt to inject 1: 10,000 adre- 
nalin, a, had to be discontinued on account of an accident. Then, after the cir- 
culation had returned to its previous state, 11 ec. of 1: 10,000 adrenalin were given 


20 200 
“4 
1.5 50 
me. 
r 
‘ x ¢ 
° > ; 
u 
12:00 1.00 2:00 3100 


356 JOSEPH ERLANGER AND HERBERT S. GASSER 


over a period of 28 minutes, b. During the injection period the arterial and por- 
tal pressures, as usual, were raised, the intestinal inflow rate slowed. Though 
this is also the result commonly obtained with the larger doses there are, never- 
theless, certain outstanding differences. These are,—the steady rise in arterial 
pressure, the absence of any tendency on the part of the portal pressure to fall 
after the preliminary rise, and the incompleteness of the peripheral constriction. 
In the period subsequent to the injection, the striking differences are,—the im- 
mediate relaxation of the arterioles beyond their initial size, with a return to the 
normal inflow rate in the course of 20 minutes; the immediate descent of the ar- 
terial pressure to a subnormal! level with a relatively rapid recovery to the normal; 
and the almost immediate return of the portal pressure to the normal level. 
The circulation became normal in every respect. 

The second injection consisted of 11 ec. of 1: 1000 adrenalin; it was given in the 
course of 24 minutes, c; this dose, therefore, was about ten times as large as the 
first dose. The arterial pressure rose to the unusual height of 216 mm. Hg., but, 
as usual, began to decline before the injection was completed, and at about the 
time, d, the heart became permanently irregular. Slightly later, e, the respira- 
tions became very slow and this slowing increased until the breathing stopped 
altogether, f. The heart stopped after the respiration, and despite the inaugura- 
tion of artificial respiration, g, before the heart had actually stopped. By the 
time the respiration stopped the arterial pressure had fallen to 84 mm. Hg. 

The inflow rate fell practically to zero when the injection of adrenalin began, 
aud it remained there until theanimaldied. Thensomerelaxation occurred, indi- 
cating that the previous constriction, though mostly due to the peripheral action 
of the adrenalin, had also been maintained in part by central action. 

The portal pressure was instantly increased by the adrenalin but immediately 
began to decline, while showing some fluctuations in correspondence with those 
of the arterial pressure. It was subnormal during a large part of the period. 
The jugular pressure was markedly increased; for this it is possible that both the 
altered respiration and heart action were responsible. 

It can scarcely be maintained that this animal was brought into a state of 
shock; but it is of significance that at the end the arterial pressure was somewhat 
subnormal despite an in¢ense arterial constriction. Death was due to some 
action of the adrenalin, direct or indirect, upon the respiratory center. 


Summary and discussion of experimental data 


Now, with a variety of results before us, an attempt will be made to 
ascertain the usual reactions to the injection of adrenalin and the sig- 
nificance of those reactions in relation to the shock problem. 

1. Action on the arterial pressure. The arterial pressure during the 
injection period invariably is high, and higher during a first than during 
a second injection. When the dose is relatively small the arterial pres- 
sure usually is consistently high (figs. 2, a and 7, 6); but when the doses 
are large the pressure usually begins to fall before the end of this period 
(figs. 4,a; 5, a; 6, a). One gains the impression that the larger the dose 
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the earlier and the more profound is this fall in pressure apt to be. 
It always is more marked after a second than after the first dose. The 
decline during the injection period, though, usually falls short of carry- 
ing the arterial pressure back to its initial level. These differences in 
the effect of dosage on the arterial pressure may depend in part upon 
differences in the action of the adrenalin upon the heart; but that the 
fall in pressure is not wholly dependent upon the behavior of the heart 
is indicated by the fact that it may begin before the irregularity (fig. 
4) and may not occur when the heart becomes irregular (fig. 2, 6). A 
second large dose never raises the arterial pressure as high as did the 
first dose, provided it also was large. 

After the administration of a small (fig. 7, 6) or of a moderate dose 
(fig. 1, a) the arterial pressure usually falls rather abruptly to a sub- 
initial level, and then mounts slowly, eventually reaching normal, after 
small doses (fig. 7, b), but usually not regaining the normal level after 
moderate doses (figs. 1, a; 2,a). A second dose that produces approxi- 
mately the same immediate reaction, leaves the arterial pressure still 
lower (fig. 1,c). After a large first dose, barring accidental occurrences, 
the fall in arterial pressure begun during the injection period continues 
without any break to mark the conclusion of the injection (figs. 4, 5, 6), 
it may be, until the animal dies (fig. 4); though this is more commonly 
seen after a second large dose (figs. 2, 5,6). A decline of this character 
that does not kill, tends to terminate below the initial level (figs. 5, a; 
6,a). So far as can be judged by the arterial pressure, therefore, large 
doses of adrenalin do long-lasting damage to the circulation, if they do 
not actually carry the pressure down to a dangerously low level. 

2. Action on the peripheral resistance. Without exception the re- 
sponse to adrenalin during the injection period has been a marked 
peripheral constriction causing, in the case of the larger doses, prac- 
tically a complete cessation of inflow (figs. 2, 3, 4, 5, 6, 7). 

After terminating the injection of a small dose (fig. 7, b) the resist- 
ance quite promptly decreases to, or slightly below, normal; after a 
moderate dose (figs. 1, b; 2, a) the relaxation that occurs is apt to be 
slower and short of complete return to normal; while after large doses, 
and often after moderate doses given a second time, the relaxation is 
very slow and usually very far from complete even after two hours or 
mhore have elapsed (figs. 4; 5, c; 6, d). This long-lasting constriction, 
however, usually is not wholly due to direct action of the adrenalin upon 
the blood vessels; a part of the tone is central in origin as is evidenced 
by the acceleration of dilatation that usually occurs at the moment 
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the animal dies (figs. 3, 4, 7). The splanchnic and the femoral areas 
are alike in their response to these doses of adrenalin. In one experi- 
ment (fig. 1, a) the constriction of the period of injection gave way 
very rapidly to an extreme dilatation, followed at once by a gradually 
developing constriction which probably was central (compensatory) in 
origin. 

The literature on the action of adrenalin on the blood vessels has re- 
cently been reviewed by Hartman (4). There the statement occurs 
that ‘‘dilatation in the blood vessels of skeletal muscles is the usual re- 
sponse to adrenalin in animals.”’ Dilatation is also said to occur in the 
intestinal vessels, especially after large doses (5), (6). Our findings do 
not agree with these statements. To be sure, the method we have em- 
ployed in following the peripheral resistance furnishes discontinuous in- 
formation; and if very brief periods of dilatation occur during the con- 
tinuous injection of adrenalin there is the possibility that our method 
might fail to detect them. The fact, however, that we have never en- 
countered dilatation during the injection of adrenalin certainly renders 
this possibility a very remote one, indeed. In the post-injection period, 
as has been said, we have encountered striking and momentary dilata- 
tion, but only once (fig. 1, a); and a very slight transitory dilatation, 
also, only once (fig. 7, b). With these exceptions, the constriction pro- 
duced by both moderate and large doses has always outlasted the injec- 
tion period, in some of the instances as long as 2 hours. 

Hoskins, Gunning and Berry (7) found that adrenalin in “‘all’’ doses 
constricts the skin vessels but not those of the musele. Later, how- 
ever, Gunning found (8) that massive doses of adrenalin slow the blood 
flow through muscle. This correction suggests that all of the discrep- 
ancies depend merely upon dosage and method of administration. 
However this may be, it is certain that the constriction we have ob- 
served is so marked that it cannot, in the case of the femoral readings, 
be accounted for on the basis of a constriction affecting the skin vessels 
alone. 

Gruber (9) fails to obtain dilatation of the blood vessels of muscle 
shortly after section of the nerve; neither, apparently, does he, under 
such circumstances, obtain constriction. Even, therefore, if it were ad- 
mitted for purposes of argument that we get constriction because the 
nerves have been injured (and such experiments as 41 [fig. 1, 2nd injec- 
tion] conclusively show that constriction is obtained when the nerves 
unquestionably are active), the reduction in inflow rate that we obtain 
is far too great to be referable to constriction of the skin vessels alone. 
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But whatever the cause of the discrepancy, we can assert a, that our 
method of determining the effect of the adrenalin upon the peripheral 
resistance is free of the ambiguities that attach to the outflow and pleth- 
ysmograph methods employed by other investigators; 6, that our 
method demonstrates that in the dosages we have employed constric- 
tion of both the somatic and the splanchnic areas is the main if not the 
only effect of the continuous injection of adrenalin; and c, that this con- 
striction often persists for hours after the dose has been administered, 
partly, perhaps, as a central compensatory response to the low arterial 
pressure, or to a tendency to a low arterial pressure. 

Our method of following the vasomotor tone does not help to disso- 
ciate the factors, central and peripheral, upon which the constriction 
depends. There is, of course, no doubt but that during the injection of 
the adrenalin any part the center may be playing in maintaining the 
constriction must be insignificant in comparison with that effected by 
local action. That the center, however, is a factor in maintaining the 
constriction subsequent to the injection is indicated by the acceleration 
of the recession of the constriction that often occurs at the moment the 
animal dies. But even with death the dilatation is relatively slight. 
This failure of the injection rate to return to, and then to pass beyond, 
the initial value probably is a manifestation of the phenomenon that 
has already been described as occurring at the termination of long ex- 
periments in which no adrenalin whatever has been employed (3), and 
which we felt might be related to the phenomenon of post-mortem con- . 
traction described by MacWilliam (10). In the present experiments, 
however, it is possible that the long-lasting constriction is due to the 
direct action of the adrenalin upon the walls of the large arteries (11). 

3. The systemic venous pressure. Our method of measuring the ve- 
nous pressure gives, to all intents and purposes, the pressure in the right 
auricle. Pressure changes here are of course slight at best, and are af- 
fected not alone by the force from behind and by the capacity of the 
heart to empty itself, but also by variations in the effectiveness of the 
respiratory pump. It is not surprising, therefore, that the literature on 
this subject is contradictory. Thus Bainbridge and Trevan (12), for 
example, find that the pressure in the vena cava is not altered by the 
injection of adrenalin; whereas Schmid (13), Elliott (11) and Edmunds 
(15) say it is elevated. 

Our results in this respect have been quite inconstant. In one ex- 
periment (fig. 5), the jugular pressure changed but little; in two (figs. 
3, 6) it fell; and in two instances (figs. 4, 7) it rose. In both of the last, 
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though, there were two possible and perhaps unusual causes for the rise. 
One cause was a change in the character of the respirations: in one case 
(fig. 4) this change was slight and the venous pressure was elevated but 
little; in the other (fig. 7), the respiratory change was very marked and 
the rise in venous pressure also was marked. The other possible cause 
of the rise in venous pressure is related to the effect the adrenalin had 
on the portal pressure. For these two experiments were exceptional in 
that after the injection the portal pressure (see below) quickly resumed 
its normal level. The marked constriction of the arterioles caused by 
the adrenalin and the relative emptiness of the portal veins that a nor- 
mal pressure in them bespeaks, together might have had the effect of 
distending the systemic veins. But whatever the cause of the incon- 
stancy of the jugular pressure may be, it is obvious that it permits us 
to conclude only that the heart as a rule is capable of moving on the 
blood that is brought to it. 

Action on the heart. In many of the experiments there were indica- 
tions of deleterious action of the adrenalin upon the heart, the heart 
developing a very marked irregularity either while the adrenalin was 
being injected or subsequently. This irregularity was not of the kind 
that is produced by vagal action. The arterial pressure at these times 
occasionally (figs. 1, d, e; and 6, b) gave evidence that the heart was not 
as efficient as when it was beating regularly; at other times, however, 
the inception or the disappearance of the irregularity was without ob- 


- vious effect upon the arterial pressure. Furthermore, with but one pos- 


sible exception (fig. 7, 2nd dose), the jugular pressure failed to exhibit 
with the inception and disappearance of this irregularity, the altera- 
tions that are taken to indicate diminishing or increasing capacity of 
the heart for work. No effort has been made to ascertain the nature of 
the irregularity. But whatever it may be, it seems justifiable to con- 
clude that failure of the heart is not an important factor in the gradual 
failure of the circulation after the administration of adrenalin. The 
sudden stoppage of the heart that occasionally has occurred while the 
arterial pressure still was sufficient (figs. 3 and 7) may have been caused 
by some direct action of the adrenalin upon the heart. But this is a 
question that does not concern us here. 

Action on respiration. The adrenalin in almost every instance has 
had a marked effect upon the respiration. This has consisted a, of 
transitory slowing (fig. 6, c); b, of progressive slowing of the respiratory 
rate (figs. 4, c; 5, e), sometimes leading to surprisingly low rates (6 per 
minute in fig. 7); or c, of stoppage of respiration, sometimes sudden (fig. 
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3, c), sometimes preceded by slowing (fig. 5, f). The administration of 
artificial respiration in the latter instances at most has delayed death 
only a few minutes (figs. 3, 5). Therefore, lack of pulmonary ventila- 
tion can scarcely be regarded as the cause of death or of the breakdown 
of the circulation. It is not the purpose of this paper to discuss the 
cause of failure of the respiratory center. 

The portal circulation. Except, perhaps, its action on the peripheral 
resistance, the most interesting effects of adrenalin are those it exerts 
upon the portal circulation. The first effect of the injection of adre- 
nalin invariably is to raise the portal pressure, it may be as high as 28 
(fig. 5) or 30 (fig. 6) mm. Hg., though usually to not over 15 mm. Hg. 
The portal pressure then usually falls practically to the initial level a, 
either during the injection (figs. 3 and 7, 2nd dose), or b, immediately 
(figs. 4 and 7, Ist dose) or some time after (fig. 6); and c, while the ar- 
terial pressure is still well maintained (fig. 6, Ist dose) or d, not until 
the arterial pressure falls to quite a low level (fig. 5, 2nd dose). In all 
of these cases there is a certain, although by no means complete, paral- 
lelism between the portal pressure and the arterial pressure. In one 
case (fig. 5, Ist dose) the portal pressure remained high even after the 
arterial pressure had returned to the initial level. 

The very marked effects that these doses of adrenalin have upon the 
portal circulation suggest the advisability of carefully examining them 
in order to determine whether they are of significance in relation to the 
failure of the circulation. Physiologically, a continuous elevation of the 
portal pressure can be effected a, through a rise in arterial pressure; 5, 
through a diminution in arterial resistance in the portal area; c, through 
a rise in caval pressure; d, through contraction of the musculature of the 
portal veins themselves; and e, through an increase in the resistance to 
flow through the liver. 

a and b. The injection of adrenalin, of course, raises the arterial pres- 
sure but at the same time markedly increases the resistance in the ar- 
terioles. Whether or not the blood flow into the portal area would in- 
crease, therefore, would depend upon the balance that is struck between 
these two effects. Our inflow determinations show conclusively that 
the constriction, in the intestinal area, at least, is so extreme that de- 
spite the rise in arterial pressure the adrenalin must restrict the blood 


flow. It is, of course, conceivable that the other pathways into the 
portal system are not constricted by the adrenalin to the same extent 
as is the intestinal pathway and that it is through the former that the 
portal pressure is raised. We have no direct observations bearing on 
this possibility. 
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The measurements of the blood flow in the portal veins as effected by 
adrenalin that are recorded in the literature help to settle this question, 
though the effects of brief injections only have been studied. With 
large doses Schmid (13) invariably obtained a marked reduction in blood 
flow in the portal vein; in one of his instances the blood flow stopped 
completely for a few seconds. On the other hand, Burton-Opitz (14) 
finds an increase in portal flow during the phase of high arterial pressure. 
This increase, though, was never very striking, and evidently very in- 
constant, as may be indicated by the following values taken from his 
published data: 


BLOOD FLOW, CUBIC CENTIMETERS PER SECOND 


EXPERIMENT NO. 


Before | At crest of arterial pressure 
3 4.50 4.54 
4 3.05 3.20 
5 3.43 3.37 

3.25 2.56 


Upon the whole, it seems fair to conclude that the blood flow through 
the portal area is not increased during the prolonged administration of 
adrenalin. Granting this, it follows that adrenalin constricts the whole 
of the splanchnic bed. The rise in portal pressure, therefore, is refer- 
able neither to a premised splanchnic dilatation nor to the rise in ar- 
terial pressure; though, of course, during the period of constriction, 
rariations in arterial pressure must effect variations of the same sign in 
the portal pressure. 

c. It has already been pointed out that the systemic venous pressure 
ordinarily is not increased by the prolonged injection of adrenalin; 
therefore we must seek elsewhere for the cause of the high portal 
pressure. 

d. Edmunds (15) has observed that strips of the portal vein contract 
when immersed in a solution of adrenalin. Occasionally we have ob- 
served during the height of the adrenalin action, a sausage-like appear- 
ance of the branches of the portal vein, rings of constriction so complete 
as to quite obliterate the lumen and to offer an appreciable resistance 
to the passage of the blood, alternating with segments filled with blood. 
If this were constant in occurrence it might help to explain the high pres- 
sure recorded in the splenic vein; but in many instances these evidences 
of contraction of the veins are absent. 
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e. If constriction of the large portal radicles is not the cause of the 
high portal pressure there remains as the only possible explanation of 
the condition an increase in the resistance to the passage of blood through 
the liver. This question has recently been discussed by Bainbridge 
and Trevan (12). The possibilities in the case are: a, constriction of 
the minute portal radicles in the liver; b, constriction of the hepatic or 
sublobular veins; and c, narrowing of the hepatic capillaries. Bain- 
bridge and Trevan are disposed “to regard narrowing of the capillary 
channels by swelling of the liver cells as the most probable explanation 
of the obstruction produced by adrenalin to the blood flow through 
the liver.””’ The evidence they offer in favor of this view is that adre- 
nalin causes the liver volume to increase, while histological examination 
of clamped-off pieces of liver shows the interlobular and intralobular 
veins to be engorged with blood. 

Our own experiments throw relatively little light on the condition of 
the blood vessels of the liver. We have not examined the liver during 
the height of the adrenalin action. The gross appearance presented by 
the liver at the close of experiments has been rather variable. Occa- 
sionally all of the marks of engorgemeat are evident; more often its 
edges have been sharp, though in such instances the parenchyma on 
section often seemed to be bloody. In one case we weighed the liver 
and found it to be at the lower limit of the normal range. Microscopi- 
cal examination has been made in only one case and that was one in 
which the liver at autopsy was found to be engorged. In this instance 
the hepatic capillaries, upon the whole, were dilated and contained an 
excess of blood. The corpuscles did not seem to be so closely packed 
as they are in the intestinal vessels of shocked animals. The liver cells 
were not swollen. 

It is inconceivable, indeed, that the liver cells could swell so rapidly 
under the influence of adrenalin as to cause the practically instantaneous 
increase in liver volume and portal pressure which are pictured by 
Bainbridge and Trevan, the more so when it is recalled that even a com- 
paratively small dose of adrenalin may cause a marked increase in por- 
tal pressure (see fig. 7, a and 6). As a matter of fact, we are not con- 
vinced that the method employed by Bainbridge and Trevan for the 
purpose of following the volume of the liver is entirely satisfactory. 
For an increase in arterial pressure, by increasing the turgidity of the 
liver lobes, might, depending upon conditions, increase the pressure 
upon the balloon between the lobes. However this may be, the com- 
plete parallelism of their “volume” and pressure curves to each other 


364 JOSEPH ERLANGER AND HERBERT 8S. GASSER 


make it incumbent upon them to prove that they are actually recording 
volume changes. Better methods (15) seem to indicate that in the 
dog, at least, the liver volume is reduced by small, brief intravenous 
injections of adrenalin. If it could be shown that the engorgement of 
the liver that sometimes occurs after the administration of adrenalin 
is slow in development, another possible cause of the swelling of the 
liver cells and of the engorgement of the liver capillaries observed by 
Bainbridge and Trevan would be the effect upon the tissues of the 
marked slowing of the blood stream that accompanies the prolonged 
injection of adrenalin. The process would then be similar to the one 
which in our opinion accounts for the engorgement of the intestinal 
capillaries. 

Assuming, for purposes of discussion, that the portal action of the 
adrenalin is the cause of the shock-like failure of the circulation, let us 
try to discover the mechanisms that might bring it about. 

1. When the portal pressure is high, such large amounts of blood 
might be trapped in the portal area as to lead to serious depletion of the 
systemic vessels. It is here that the exact location of the increased re- 
sistance in the liver might be,of some significance. For if the obstruc- 
tion were beyond the capillaries a very much larger volume of blood 
would be trapped in the portal area than if the obstruction were in the 
portal venules. Bainbridge and Trevan (12) have suggested that the 
distention of the liver and portal area might be a contributory factor. 
But in certain cases, at least, the trapping of blood cannot be sufficient 
to be the sole cause of circulatory failure, for the rise in portal pressure 
may be transitory even in cases that die (fig. 4). Furthermore, the 
liver, at least at the time of death, as has been said, often does not 
contain more than its normal quota of blood. Nor are the tributary 
veins of the portal area always distended during the injection; often 
they seem relatively empty, though the pressure in them may be high. 
And finally, experiments to be described later show that a mere rise in 
portal pressure even when maintained for hours does not embarrass 
the circulation nearly to the same extent as does the administration of 
adrenalin. 

2. A high portal pressure might reduce the blood volume by increas- 
ing filtration of plasma. As a matter of fact, Bainbridge and Trevan 
find that during the prolonged injection of adrenalin the lymph flow 
through the thoracic duct is increased. There can be no doubt but 
that the administration of adrenalin increases filtration pressure in the 
splanchnic capillaries; therefore, a part of the increase in lymph forma- 
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tion may be accounted for here. But Bainbridge and Trevan, finding 
that the lymph “‘ becomes slightly more concentrated,’’ conclude that a 
part of it comes from the liver. This observation they take as further 
evidence in support of their contention that the portal obstruction is in 
or beyond the liver capillaries. There is, however, another possible 
explanation of the increase in concentration of the lymph, and that is 
that the extreme and prolonged slowing of the blood stream so damages 
the hepatic capillary walls (as well as those of other organs) that they 
become more permeable to the plasma. Again, if we admit for the 
moment that the portal obstruction is in or beyond the portal capillaries, 
the filtration would be most rapid at the time the portal pressure is 
highest, which, as a rule, is during the early stages of the injection. 
The figures of Bainbridge and Trevan show, however, that the lymph 
flow steadily increases as long as the injection of adrenalin continues. 
This observation tends to confirm our view that the part of the lymph 
that increased concentration indicates is formed in the liver, passes out 
of the blood stream, not as a result of increased filtration pressure, but 
rather as a result of increased permeability of the capillary walls. 

But after all, those portions of the blood fluids that reach the thoracic 
duct play no part in the processes that lead to failure of the circulation, 
for they soon are returned to the blood stream. Only those portions 
that are retained in the tissues or in the body cavities are of significance 
in this connection. We have seen no indications of edema of the or- 
gans, though during the injection of adrenalin beads of fluid have been 
seen to form on the surface of the liver. At autopsy the peritoneum 
occasionally seems to contain a slight excess of fluid. 

3. The other striking effect the injection of adrenalin has upon the 
portal circulation is to slow the blood stream. Here attention should be 
called to the magnitude of this slowing. The inflow determinations 
show that even salt solution under a pressure considerably higher than 
the normal arterial pressure may scarcely flow through either the 
splanchnic or somatic capillaries during the height of adrenalin action. 
It is obvious, therefore, that when blood takes the place of salt solution 
and when two areas of increased resistance (splanchnic and portal) 
replace the one the inflow has to contend with there can be but little 
blood flowing through the splanchnic (or the somatic) area. 

There are, therefore, good reasons, for believing that failure of the 
circulation after the administration of adrenalin is the consequence, 
mainly, of changes wrought in the tissues by asphyxia. In favor of 
this view is the fact that death has occurred whenever the constriction 


366 JOSEPH ERLANGER AND HERBERT 8S. GASSER 


has been extreme and long-lasting, and that recovery has occurred 
whenever the dose of adrenalin failed to maintain a high grade of con- 
striction. Furthermore, the slowing of the circulation in our cases has 
lasted sufficiently long to lead to failure of the circulation through the 
same mechanism which, we believe, operates to cause the circulation to 
fail when the vena cava or the aorta is partially occluded (16). There 
is, therefore, no need of going outside of this mechanism to find an expla- 
nation of the failure of the circulation that follows the long-continued 
administration of adrenalin, though, of course, such trapping of blood 
and suth filtration of plasma as may occur will contribute to that end. 

Pathology. This conclusion is supported by the autopsy findings, 
for the most striking lesion found is the same marked dilatation of the 
sapillaries and venules of the villi of the intestines that was found by 
us in shock as produced by exposure of the abdominal viscera, and by 
partial occlusion of the vena cava or of the aorta. To be sure, the cir- 
culatory disturbance resulting from the injection of adrenalin is just 
the one that would tend to produce this picture, for the high pressure 
developed in the portal area, at least early in the period of injection, 
must have the effect of increasing the pressure in the splanchnic capil- 
laries, notwithstanding the sharp fall in pressure that must occur in the 
constricted arterioles. But that this probably is not the mechanism by 
which the dilatation is effected, but rather the slowing of the blood flow, 
is the conclusion that is justified by the results described in the preced- 
ing paper of this series (16). In the gross, as well as microscopically, 
the intestines, stomach and spleen present very much the same appear- 
ance as they do in shock as induced by the other methods we have 
employed. 

Does adrenalin produce shock? 


Having described and discussed certain of the manifestations of large 
and long-continued doses of adrenalin the question now arises—are 
there any reasons for regarding as shock the condition thus induced? 
If we exclude those cases that die suddenly as a result of stoppage of 
the respiration or of the heart, we think it can be asserted that at least 
the type of circulatory failure that is illustrated by experiment 44 (fig. 
4), of which we have several instances, in which the pressure gradually 
falls until the animal dies, bears a close resemblance to the failure of the 
circulation resulting, for instance, from exposure of the intestines. The 
fact, furthermore, that animals in this condition may not require an an- 
esthetic, although the eye reflex is still present, if this sign is of any sig- 
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nificance, lends additional support to the position first taken by Bain- 
bridge and Trevan that shock can be induced by adrenalin. We do 
not agree with Henderson and collaborators in their conclusion (17) that 
adrenalin causes death only through acute cardiac dilatation or pulmo- 
nary edema, though it must be admitted that such accidents (at least the 
former) often bring the experiment to a close before shock-like failur« 
of the circulation has had a chance to develop. 


THE EFFECTS OF OBSTRUCTING THE PORTAL RADICLES IN THE LIVER 


Accumulation of blood in the portal area forms the basis of a number 
of the hypotheses of shock. It is in this way that shock is supposed to 
result from the splanchnic dilatation of vasomotor paralysis or inhibi- 
tion; from temporary partial occlusion of the inferior vena cava (18); 
from constriction or obstruction of the portal hepatic capillaries (12); 
and from constriction of the latter region and also of the splanchnic 
capillaries (19). In many of the experiments we have described, a 
rise in portal pressure, slight and transitory (cava occlusion) or marked 
and sometimes long-lasting (adrenalin injection), has been a possible 
factor in the failure of the circulation. 

In an effort to reproduce as closely as possible the conditions premised 
by the hypotheses that attribute shock to an increase in portal resist- 
ance, we have had recourse to a method of obstructing the flow of blood 
through the smaller vessels that has long been practised in physiology, 
namely, by injecting into the stream of blood flowing toward an organ 
a suspension of lycopodium spores. These spores have a rough surfac« 
and about three to four times the diameter of the red blood corpuscles 
and plug the vessels proximal to the point where they break up into 
capillaries. The increased resistance is thus placed in the situation in 
which constriction normally occurs, though, if Bainbridge and Trevan 
are right in their view (and we do not, as has been seen, regard their 
evidence as conclusive) that the obstruction occurs in the capillaries 
of the liver, the amount of blood that the injected spores trap in the 
portal area will not be quite so great as would be held by complete 
closure of the capillaries. 


Method 


The suspension of lycopodium spores has been injected into the gas- 
trolienic vein in both the dog and the rabbit. The carotid pressure 
has been followed in all experiments, and in some of the experiments on 
the dog the femoral or intestinal inflow rate, the portal pressure and the 


jugular pressure, also. 
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Experimental 


We will describe and discuss our experiments not in the order in which 
they were done, nor as entities, but in the way that facilitates the de- 
velopment of the subject. 


In experiment 53 (fig. 8), the first, and a relatively small, dose of lycopodium, 
a, raised the portal pressure from the normal of 8 mm. Hg. to a plateau which, 
in the course of 70 minutes, declined from 12 toll mm. Hg. The vasomotor tone 
was immediately increased and the increase continued for about 25 minutes when, 


Fig. 8. Experiment 53. Circulatory effects of injecting lycopodium spores 
into the portal vein. Dog. Arterial pressure, —@—@—; femoral inflow, 
--@--@--; portal pressure, — O— O—; jugular pressure, x x x. a,a’, a’, ly- 
copodium injected; b, accidental injection of carbonate; c, artificial respiration; 
d, artificial respiration stopped; e, inflow readings transferred to other femoral; 


f, heart stopped. 


upon the whole, it decreased slightly but did not return to the normal level. The 
arterial pressure was affected but slightly, falling from 110 to 102 mm. Hg. Evi- 
dently the vasoconstriction sufficed to almost compensate such altered distribu- 
tion of the blood as was determined by this dose of lycopodium. 

Then another dose was administered, a’. This raised the portal pressure from 
11 to 19 mm. Hg. and, barring certain fluctuations, evidently attributable to pass- 
ing fluctuations in vasomotor tone, this level was maintained for 2 hours. The 
inflow rate again was decreased. The general trend of the inflow rate during this 
period was downward, and of the arterial pressure upward. Evidently at the 
end of the period vasoconstriction perfectly compensated even this degree of 


portal obstruction. 
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We may for the present pass by the last part of this experiment and turn to 
another experiment (no. 60, fig. 9) in which to all intents and purposes a single, 
moderately large dose of lycopodium was given. As a matter of fact the lyco- 
podium was given repeatedly in small doses until the desired grade of obstruction 
was obtained. The immediate effect upon the portal pressure was a tremendous 
rise from the normal of 6 to8 mm. Hg., to4l mm. Hg. But in the course of the 
next 40 minutes the pressure steadily fell almost to 15 mm. Hg. and, excepting 
temporary fluctuations, again undoubtedly due to temporary fluctuations in the 
vasomotor tone, the portal pressure did not vary more than 1 mm. above or below 
16 mm. Hg. during the course of the next 3 hours 40 minutes, when the experiment 
was terminated by stabbing the ventricles b. In this experiment the vasomotor 
tone was followed in the intestines as well as in the leg. We call attention to the 
fact that the general trend of the tone in these two regions was toward parallel- 
ism. The parallelism to be sure was not perfect; but when divergences occurred 
they were not any larger than one would expect considering that the comparable 
readings were not made simultaneously. Bearing this in mind, it is seen that 


an 
Fig. 9. Experiment 60. Circulatory effects of injecting lycopodium spores 
into the portal vein. Dog. Arterial pressure, —@—@—; femoral inflow, 
-:@ -@- -; intestinal inflow, - - @- - @- -; portal pressure, . inject- 
ing lycopodium; b, heart punctured. 


simultaneously with the rise in portal pressure the peripheral resistance increased 
and the arterial pressure fell, though not morethan15 mm. Hg. During the rapid 
decline in portal pressure the vasomotor tone diminished but the arterial pres- 
sure, after recovering somewhat, remained quite stationary. 


We pause here to discuss the mechanism of these occurrences. It is 
important to ascertain first why the portal pressure steadily falls after 
the first rise. This fall cannot be attributed to splanchnic constriction 
because, during this period, the intestinal arterioles are dilating; nor 
can it be attributed to a change in arterial pressure, for this is rising 
slightly or is stationary. Neither can it be explained upon the basis 
of a fall in systemic venous pressure, for in other experiments (no. 53, 
fig. 8) it was found that this pressure is altered but little by lycopodium 
injections. An increase in the capacity of the portal area cannot be 
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invoked as an explanation of the fall in portal pressure because the 
change in tone of the arterioles and in the arterial pressure indicates 
that the circulation is improving, which could not be the case if blood 
were passing out of effective circulation. The only acceptable explana- 
tion must provide a gradually widening pathway out of the portal area. 
Three ways in which this might occur suggest themselves: a, The re- 
sistance to the passage of blood through the portal venules might 
diminish as a result of the washing out of the obstructing spores; b, the 
high portal pressure might open up by distention both plugged and 
unplugged venules. Both of these possibilities are rendered highly im- 
probable by the fact that the same rise and fall in the portal pressure is 
seen (fig. 11) even when the dose of lycopodium without doubt is large 
enough to completely occlude the liver capillaries; and by the fact that 
after any dose large enough to raise the portal pressure above 15 to 
20 mm. Hg., the portal pressure subsequently falls and comes to rest 
somewhere between 15 and 20 mm. Hg. irrespective of the size of the 
dose. c, The foregoing observation, on the other hand, strongly sup- 
ports another possible explanation, namely, that as a result of the high 
portal pressure a collateral circulation is established, by way of which 
the portal blood can reach the systemic veins with ever increasing fa- 
cility. The pathways that might be developed under these cireum- 
stances are familiar to the anatomist; they are the ones opened in man 
by any chronic portal obstruction. Upon the basis of our experience 
it ean be concluded that with normal arterial pressure and splanchnic 
resistance, the resistance of the fully opened collaterals is such as to 
maintain a portal pressure of from 15 to 20 mm. Hg. 


Returning now to the analysis of experiment 60 (fig. 9) we believe, on the basis 
of the foregoing discussion, that during the rapid fall in portal pressure blood is 
being restored to the general circulation. It is this that accounts for the main- 
tenance of a constant arterial pressure despite a diminishing peripheral resist- 
ance. The peripheral resistance continued to diminish until, by about 3.10, it 
had become quite normal. At this time, though, the arterial pressure was defi- 
nitely below normal (84 mm. Hg.). It could hardly have been otherwise; for the 
portal area at this time must have contained more than its normal volume of 
blood, and the peripheral resistance was normal. During the rest of the experi- 
ment, and until the animal was killed, the peripheral resistance and the arterial 
pressure both slowly increased, the former finally becoming somewhat above 
normal, the latter, quite normal. 

This then represents the extent of the circulatory disturbance that results 
from holding the portal pressure, for the most part, above 14 mm. Hg. for a period 
of 4 hours 20 minutes by partially obstructing the portal capillaries. It must be 
concluded, therefore, that the amount of blood that is withheld from effective 
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circulation by such distention of the portal area as is caused by a rise of the por- 
tal pressure to 14 mm. Hg. is not so marked but that it can be compensated al- 
most perfectly and indefinitely (4} hours). We further infer that this degree of 
portal obstruction does not result in nutritional or mechanical disturbances of 
such a grade as to lead to any considerable reduction in total blood volume. 

Even the rabbit, with its very much longer intestinal tract, may withstand 
perfectly similar grades of portal obstruction. This is clearly shown in experi- 
ment 56 (fig. 10). The injection of lycopodium here raised the portal pressure 
from 8 to 16 mm. Hg. The portal pressure then fell gradually to 12.5 mm. Hg 
and then rose again to13.5mm.Hg. Aftera transitory rise, the arterial pressure 
fell from 74 to 66 mm. Hg., but rose again to 72 as the portal pressure fell, and 
did not vary very much from that level during the rest of the period. 


12:30 1800 


Fig. 10. Experiment 56. Circulatory effects of injecting lyeopodium spores 
into the portal vein. Rabbit. Arterial pressure, —@—@—; portal pressure, 
—O—O—. a, small dose of lycopodium given; b, large dose given; c, artificial 
respiration necessary. 


The effect of very large doses of Lycopodium spores may now be considered. This 
is illustrated by figure 11 (exp. 51). A small dose was given ata. Asit evidently 
was not going to be sufficient for our purposes, a very large dose was given at b. 
Considering the effects of the larger dose only, it is seen that the rise in portal 
pressure again is immediate but that the fall to the plateau is very much more 
protracted than after smaller doses. There is a profound fall in arterial pressure 
(to almost 40 mm. Hg.) and a very marked peripheral constriction. The portal 
circulation is at its worst shortly after 1.00, for the difference between the arterial 
and portal pressures here amounts to only 10 mm. Hg.; presumably the pressure 
gradient in the splanchnic area is practically eliminated. But now the cireul 


tion improves for a time, presumably as a result of the opening up of byways 


tween the portal area and the systemic veins. Only by invoking some such proc- 
ess is it possible to explain the combination of a fall in portal pressure, a rise 
in arterial pressure, and an increase in inflow rate. By about 2.20, disregarding 
a passing fluctuation, conditions have become fairly stable. The arterial pres- 
sure is at about 50 mm. Hg., the portal pressure at 15 to 16mm. Hg., and the inflow 
rate somewhat below the normal range. The jugular pressure rose throughout 
the course of the experiment, but the rise amounted to less than] mm. Hg. The 
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picture as a whole can be accounted for perfectly if it is assumed that there has 
occurred a reduction in the effective blood volume. 

Around 3.00 p.m. a change for the worse begins. The arterial pressure falls 
slowly; the portal pressure rises slowly, and the inflow rate steadily increases. 
A slow giving way of the vasomotor center, presumably under the influence of the 
low arterial pressure, satisfactorily explains these changes. At about 4.20 the 
heart gives evidence of failing, the arterial pressure and the portal pressure both 


- 
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Fig. 11. Experiment 51. Circulatory effects of injecting lycopodium spores 
into the portal vein. Dog. Arterial pressure, —@—@—; femoral inflow, 
--@--@--; portal pressure, — O— O— (lower curve on same scale as arterial 
pressure, upper curve on largér scale); jugular pressure, x x x. 4a, injecting ly- 
copodium, very large dose; b, injecting lycopodium, very large dose; c, inflow 
readings transferred to other femoral; d, heart becoming irregular. 


Hr, 10:30 18.90 12200 


Fig. 12. Experiment 57. Circulatory effects of injecting lycopodium spores 
into the portal vein. Rabbit. Arterial pressure, —@—@—; portal pressure, 


—O—O—. 4, injecting a small dose of lycopodium; 6, injecting a large dose. 


fall rapidly, the vasomotor tone rapidly gives way, and the animal soon dies. It 
is worth while emphasizing that at no time during the course of this experiment 
could the ether be dispensed with. Whenever the mask was removed, even after 
the heart had become irregular (4.20), the animal soon began to struggle. 

Figure 8 (exp. 53) shows that a large dose of lycopodium given a dog (at a”) 
which already has for some hours been under the influence of moderate doses, 
brings about circulatory failure much more quickly than when it is given at the 
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beginning of an experiment. The character of the response, though, is alike un- 
der both conditions. Thus, in this case we see the tremendous rise in portal 
pressure followed by a steady and comparatively rapid decline; an immediate 
sharp fall in arterial pressure followed by a later sharp decline when the level 
of 50 mm. Hg. is reached; and a further sharp vasoconstriction. 

A similar response is obtained from the rabbit when a large dose is given after 
a small dose has been acting for some time (see fig. 10, exp. 56). But to a larger 
dose given early in an experiment, the rabbit (fig. 12, exp. 57) seems to succumb 
much more rapidly than does the dog, though, as nearly as can be judged in the 
absence of inflow determinations, the response in the rabbit is similar in kind to 
that given by the dog. Asin the case of the dog (fig. 11), we see the rise in portal 
pressure followed by a fall to a fairly well-maintained level of about 12 to 15 mm. 
Hg., and a fall in arterial pressure to 50 mm. Hg. followed by a rise which then 
gives way to a steady fall that leads to death. 


Hr. 11:00 130 12:00 


Fig. 13. Experiment 54. Circulatory effects of injecting lyeopodium spores 
into the portal vein. Sick rabbit. Arterial pressure, — @— @—; portal pres- 
sure, a, moderate dose of lyecopodium injected; b, respiration shal- 


low, heart irregular; c, respiration stopped; d, heart stopped 


As might have been anticipated, it was found that the response given by sick 
rabbits is much more profound than that given by well animals. This is illus- 
trated by figure 13 (exp. 54). The dose of lycopodium suspension given was 


regarded as moderate. The curve, though, is quite like the one (fig. 12) just 
described; but it took only an hour for the circulation to fail. 


DISCUSSION 


These experiments show that an obstruction of the portal radicles in 
the liver that raises the portal pressure to a much higher level than it 
is raised by the Janeway and Jackson method of obstructing the vena 
cava (18), and quite as high as it is raised by the injection of adrenalin, 
in the dog at least, does not, even after more than 4 hours have elapsed, 
result in any very considerable alteration in the effectiveness of the cir- 
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culation as evidenced by the arterial pressure and by the tone of the 
rasomotor center. A similar statement applies to the results obtained 
in the rabbit, also. Complete portal embolism in the dog immediately 
impairs the general circulation, as is evidenced by a low arterial pres- 
sure, and eventually (in 34 hours) causes the vasomotor center to fail. 
But even in this event the animal does not become apathetic, and 
therefore does not present the complete picture of shock. In the 
rabbit, the fatal issue develops more rapidly than in the dog, and the 
rabbit, if not strong, may rapidly succumb to even a moderate portal 
obstruction. 

Inasmuch as the portal obstructions we have produced by the injec- 
tion of lycopodium without doubt have been quite as marked as any 
that could be effected by any physiological or acute pathological proc- 
ess (embolism and thrombosis excepted) we are forced by our results to 
conclude that acute portal obstruction due to the action of some physi- 
ological mechanism, and the consequent accumulation of blood in the 
splanchnic area, can scarcely be regarded as a cause of shock. Even if 
it should turn out that the seat of the action of adrenalin is in or beyond 
the hepatic capillaries, and even if it should be shown that the adrenalin 
obstructs the collateral, as well as the direct portal circulation, we 
would still regard our experimental results as sufficient to justify the 
statement that a portal obstruction per se cannot reasonably be regarded 
as the cause of the failure of the circulation following the injection of 
adrenalin, 

As a matter of fact, we have in the action of adrenalin upon the sys- 
temic arterioles all that is necessary to account for the failure of the 
circulation, namely, the consequences of an extreme and general slowing 
of the blood stream; though, of course, such portal obstruction as may 
occur after adrenalin injection will be contributory, both through me- 
chanical distention of vessels and through filtration of plasma, to the 
general slowing of blood flow due to constriction. 


GENERAL SUMMARY AND CONCLUSIONS 


1. The injection of adrenalin for a period of 20 to 30 minutes at such 
a rate as to maintain a high arterial pressure invariably constricts the 
arteries of both the somatic and the splanchnic areas. With large 
doses this constriction may be maximal and outlasts the injection pe- 
riod, it may be, for as long as 2 hours. This continued constriction is 
partly due to central action. 
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2. After sufficiently large doses, the arterial pressure, barring occa- 
sional intercurrent phenomena, falls steadily and slowly until the ani- 


mal dies. 
3. The jugular pressure, during or after large injections, shows no 


constant alteration, at least not of a kind that indicates inefficiency of 
the heart. 

4. The heart may become irregular for a while and occasionally stops 
suddenly while the arterial pressure still is high. 

5. The respiration after large doses often is slowed and may suddenly 
or gradually fail. 

6. The portal pressure is increased, often markedly, during the in- 
jection, and may remain high subsequently; but not uncommonly it 
soon returns to the normal level. 

7. The rise in portal pressure undoubtedly is caused by an obstrue- 
tion in the liver which is so marked as to back up even the small amount 
of blood that is entering the portal system through the strongly con- 
stricted splanchnic arterioles. 

8. The circulation may fail suddenly through stoppage of the heart 
due to direct action of the adrenalin, or to the indirect action of respira- 
tory failure. But more often the failure of the circulation is gradual, 
the pressure steadily falling until the animal dies. The arterial con- 
striction induced by the adrenalin then lasts until the end. In such 
instances a reduced blood volume, either real or effective, seems to be 
the main factor at fault. Apathy, as well as the other signs of shock, 
are present. 

9. Evidence is presented indicating that accumulation of blood in 
the portal area as a result of the increased portal-hepatic resistance 
is not in itself the cause of the failure of the circulation. For marked 
obstruction of the hepatic radicles in the liver by the injection of a 
suspension of lycopodium spores may not lead to the shock-like failure 
of the circulation that is seen after adrenalin. 

10. The failure of the circulation is rather to be attributed to the ex- 
treme slowing of the blood flow throughout the body caused by the con- 
stricting action of the adrenalin on the arteries. It is concluded that 
the cause of the failure is the same as is operative after temporary par- 
tial obstruction of the vena cava or of the aorta. This conclusion is 
justified by the fact that the most striking lesion found in animals 
dying as a result of any of these three procedures is alike, and consists 
of tremendous engorgement of the capillaries and venules of the villi 
of the intestines. 


375 


rq 
i 


‘ 


376 


JOSEPH ERLANGER AND HERBERT 8S. GASSER 


BIBLIOGRAPHY 


MepicaL Research ComMmitree: Memorandum upon surgical shock, Brit. 
Med. Journ., 1917, i, 381. 

BartTLettT: Journ. Exper. Med., 1912, xv, 415. 

ERLANGER, GESELL AND GASSER: This Journal, 1919, xlix, 90. 

HartTMaNn: Endocrinology, 1918, ii, 122. 

HoskINs AND GUNNING: This Journal, 1917, xliii, 299. 

HARTMAN AND McPuHepRAN: This Journal, 1917, xliii, 311. 

Hoskins, GUNNING AND Berry: This Journal, 1916, xli, 513. 

GunninG: This Journal, 1917, xliii, 395. 

Gruser: This Journal, 1918, xlv, 302. 

Proce. Roy. Soc., 1902, Ixx, 109. 

Exuiotr: Journ. Physiol., 1905, xxxii, 401. 

BAINBRIDGE AND TREVAN: Journ. Physiol., 1917, li, 460. 

Scumip: Arch. f. d. gesammt. Physiol., 1909, exxvi, 165. 

Burton-Opitz: Quart. Journ. Exper. Physiol., 1912, v, 329. 

EpmuNpbs: Journ. Pharm. Exper. Therap., 1914, vi, 569. 

ERLANGER AND GasseER: This Journal, 1919, xlix, 151. 

HENDERSON, PRINCE AND HaGGarp: Journ. Amer. Med. Assoc., 1917, lxix, 
965. 

JANEWAY AND JACKSON: Proc. Soc. Exper. Biol. and Med., 1915, xii, 193. 

Cannon: Boston Med. Surg. Journ., 1917, elxxvi, 859. 


(1) 

| (2) 

(3) 

4 4) 

(5) 

{ (6) 

7 

(S) 

(9) 

(10) 

(11) 

2 (12) 

(13) 

(14) 

(15) 

(16) 

17) 

(18) 

(19) 
q 


PHYSIOLOGICAL STUDIES ON PLANARIA 


I. OxyGEN CONSUMPTION IN RELATION TO FEEDING AND STARVATION 


L. H. HYMAN 
From the Hull Zoélogical Laboratory, University of Chicago 


Received for publication June 3, 1919 


For a number of years the physiology of Planaria and other lower 
invertebrates has been extensively investigated in this laboratory. 
As a result of these investigations certain fundamental conceptions 
have been reached. These conceptions are in part concerned with 
the metabolic gradients of organisms and their relation to the phe- 
nomena of polarity, symmetry, individuation, regeneration, reproduc- 
tion and development; and in part with the relation between metabolic 
rate and regeneration, age, starvation and other physiological con- 
ditions. These conclusions and the evidence from which they are 
derived have been presented by Professor Child in numerous papers 
and in his two books Senescence and Rejuvenescence and Individuality 
in Organisms. 

In reaching these conceptions, various methods have been employed. 
Two of these are referred to in this paper and require explanation. 
One of them is called by us in the direct susceptibility method and 
consists in observing the time of death of organisms or parts of organ- 
isms in lethal concentrations of certain substances or under lethal 
conditions such as lack of oxygen, extreme temperatures, etc. A great 
rariety of substances has been employed for this purpose, including 
cyanides, acids, bases, salts, anesthetics and dyes; all of them yield 
practically identical results, but we have found that cyanides constitute 
the most delicate and precise indicators of susceptibility differences. 
We believe that the time of death in such solutions or under such 
conditions is a direct measure of the metabolic rate of the protoplasm 
so tested. The chief grounds for this belief are: all conditions which 
are known to increase the general metabolic rate also increase the 
susceptibility to these solutions; in the case of the cyanides at least 
there is a large body of evidence, which I have reviewed in a recent 
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paper (1), which demonstrates that cyanides depress metabolic rate, 
and further we have recently shown (1), (2), that potassium cyanide 
decreases to a very marked degree both the carbon dioxide production 
and the oxygen consumption in Planaria; and finally the susceptibility 
data check completely with the results obtained by the second method 
referred to. This method consists in the determination of the carbon 
dioxide production of organisms or parts of organisms either by means 
of the Tashiro biometer or by means of an indicator, chiefly phenol- 
sulphonephthalein. The carbon dioxide production furnishes the 
same conclusions regarding metabolic rates as does the susceptibility 
method, wherever comparable conditions are present. 

In consideration of a misunderstanding which has arisen among 
other workers regarding the susceptibility method, it becomes neces- 
sary to emphasize the fact that the method in general measures only 
the susceptibility of the superficial structures of the body, since as a 
rule it is these only whose time of death can be accurately observed. 
Hence the time of death in these toxic solutions is, strictly speaking, 
a measure of the metabolic rate of the body wall and nervous system 
only and not of the total metabolic rate. It becomes a measure of the 
total metabolic rate only when comparable internal conditions exist. 
Hence when these internal conditions are altered as by introducing 
food into the intestine, the susceptibility of the surface will obviously 
not measure the metabolic rate of the intestine nor the total metabolic 
rate, since this is the sum of the activity of all parts of the body. 
Therefore the objections of Lund (3) to the susceptibility method on 
the grounds that in Paramecium the susceptibility is increased by 
short periods of starvation but the total oxygen consumption and car- 
bon dioxide production are decreased are without basis and without 
point. In Protozoa obviously only the condition of the ectoplasm 
can be determined by the susceptibility method since as soon as the 
ectoplasm dies and disintegrates, the entoplasm scatters and can no 
longer be observed. In the cases of other organisms, however, it is 
sometimes possible to observe the time of death of both the intestine 
and the body wall separately and therefore to draw a correct conclusion 
regarding the total metabolism. 

The expression ‘metabolic rate’”’ seems to require definition. The 
word metabolism is generally taken to signify the sum of all the energy- 
producing and substance-producing processes occurring in the body. 
Each such process may, of course, have a rate of its own, and in 
order to find out the total metabolic rate at any one time it would be 
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necessary for strict accuracy to determine the rate of each process 
separately. This procedure is practically impossible and probably 
unnecessary, since it happens that in the animal body the majority 
of such processes are energy-consuming, that is, they use up oxygen 
and give off carbon-dioxide. It is therefore generally adequate to 
measure the rate of respiratory exchange in organisms in order to 
obtain some idea of the total metabolism. In the higher organ- 
isms, other methods are also at hand, as urine analysis, blood analysis, 
heat production, etc., which, however, cannot be applied to the lower 
forms. I wish to point out further that the rate of oxygen con- 
sumption and carbon-dioxide production are adequate measures of 
the rates of processes not in themselves essentially oxygen-consuming, 
such as the contraction of muscles; and that they furnish information 
about apparently unrelated conditions such as the irritability and 
conductivity of nerves. For these reasons we use the term metabolic 
rate instead of the more specific expression respiratory exchange, 
since we believe such respiratory rate to be an index of many other 
metabolic and physiological conditions besides oxidation. We also 
believe that the susceptibility method measures other metabolic 
conditions besides the rate of oxidation. We use the expression 
metabolic rate to indicate the rate of the large general chemical proc- 
esses occurring in the body and not with reference to conditions 
specific to one organ or part nor with reference to special conditions. 
Thus the rate of the heart beat is an index to general physiological 
states such as age, sex, nutrition, etc., but obviously it would be foolish 
to attempt to draw conclusions regarding these states from the rate 
of the heart beat under special conditions where it had been altered, 
as after exercise. It is in precisely the same sense that we speak of 
metabolic rate, in reference to long-lasting and general processes, 
common to all of the cells of the body. 

As previously stated, in our work on the physiology of the lower 
forms we have employed chiefly the method of differential suscep- 
tibility and the measurement of carbon-dioxide production. The 
present series of papers is concerned with the rate of oxygen con- 
sumption under various physiological conditions and therefore con- 
stitutes a check upon the results obtained by the other methods. 
The work has unfortunately been greatly hampered and delayed by 
the accidental loss in the spring of 1918 of our entire stock of Planaria, 
numbering many thousands. This has necessitated the use of some- 
what smaller lots of worms than would ordinarily have been the case. 
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The present paper reports the results of my experiments on the 
rate of oxygen consumption of Planaria in feeding and starvation; 
experiments on oxygen consumption with respect to age and regener- 
ation are also completed. It is gratifying to state that these results 
confirm the conclusions reached by the other methods. 


METHOD 


These experiments were performed upon Planaria dorotocephala 
and Planaria velata, two common species of flatworm, both of which 
have been used as the chief experimental material in the investigations 
mentioned in the opening paragraph. The method was the same as 
that described in a recent paper (1) except that, owing to the smaller 
stocks available, smaller receptacles and samples were employed. 
Briefly each lot of worms to be tested was placed in a 500 cc. Erlen- 
meyer flask filled air-tight with water, and allowed to respire in this 
flask at constant temperature for the desired length of time. A 
sample of the water was then withdrawn and analyzed for oxygen 
content by Winkler’s method, and the difference between the oxygen 
content of this sample and a control sample similarly treated gave 
the oxygen consumption of the worms. In most cases where time 
and circumstances permitted, each test was repeated, so that two 
separate determinations of the oxygen consumption of a given lot 
of worms were obtained. 

In order to compare the rates of oxygen consumption of the same 
lot of worms at different intervals it is necessary to know their weight. 
The oxygen consumption of these organisms is directly proportional 
to their weight, other factors being equal. This appears clearly in 
the experimental tables, and is in fact so axiomatic as to require no 
further discussion. The following method of weighing the worms was 
found most suitable. The animals were collected in a funnel of filter 
paper, being washed down to the point of the funnel by a pipette. 
After the water had drained through, the filter paper was opened out 
and spread flat on top of two or three layers of moist filter paper until 
all excess water had been absorbed, small pieces of dry filter paper 
being also placed under the mass of worms to aid the process. The 
worms were then scraped up with a dry scalpel blade into a small 
glass receptacle, previously balanced on the scales, and rapidly weighed. 
Weighings were made to the third place only. This method has been 
found more rapid and accurate than procedures in which the worms are 
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weighed in water, since it is almost impossible to avoid adding or 
withdrawing water. Usually some worms are injured through drying 
but as the weighings were nearly always made at the conclusion of the 
experiment, this was not of any consequence. If, however, it was 
necessary to weigh the worms before the experiment, the injured worms 
were collected and weighed separately and this weight then subtracted 
from the first weight. The injured worms were always discarded. 
Tests have shown that this method of weighing is sufficiently accurate 
for the purpose at hand. In these tests the same lot of worms was 
returned to water, re-collected and weighed again. Such duplicate 
weighings are not, however, strictly comparable, since the worms 
lose weight after weighing owing to the secretion of mucus due to the 
stimulation of drying. If this mucus is removed, the weight of the 
worms will be less than it was at the first trial; if retained, it may be 
more, as the mucus absorbs water. A fair idea of the loss due to the 
weight of the mucus can be obtained by drying it on filter paper and 
weighing it separately. The following are duplicate weighings of the 
same lot of worms: 0.192, 0.186 gram (mucus retained); 0.527, 0.532 
(mucus retained); 0.458, 0.451 (mucus removed); 0.763, 0.746 (mucus 
removed, separate weight of the dried mucus, 0.014); 0.817, 0.802 
(mucus removed, separate weight of the dried mucus, 0.014). 

Eight lots of Planaria dorotocephala and three lots of Planaria 
velata were used in the experiments. Each lot, consisting of individuals 
of approximately the same size and condition, was selected from one 
of the general laboratory stocks. The oxygen consumption of each 
lot was then determined at various intervals after feeding and through 
a period of starvation, the lot being weighed after each such determi- 
nation. The water was changed at intervals and the lots examined 
from time to time and all individuals noticeably larger or smaller than 
the average, all injured individuals and all posterior products of fission 
removed and discarded. When Planaria is placed in a clean receptacle, 
it is likely to undergo fission. This can be obviated to some extent 
by avoiding the use of clean dishes and placing the worms only in 
dishes previously occupied by worms. However, it is necessary to 
examine the dishes at intervals and pick out the products of fission. 
In the present experiments, all of the posterior products of fission have 
been removed and the anterior ones have been retained only when they 
constituted nearly the whole of the original worm. Thus_ these 


experiments deal only with whole worms of small size or anterior 
zodids. As shown by Child’s work (4), the posterior zoéids behave 
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somewhat differently during starvation than whole worms or anterior 
zodids. As starving planarians will eat each other if possible, it is 
advisable to employ large receptacles for the starving stocks and to 
remove all individuals which vary much in size from the average of 
the stock. As starvation proceeds, the heads of the worms, especially 
if they were rather small individuals at the start, are likely to dis- 
integrate, and new heads are then regenerated. Such individuals 
were removed during the early stages of the experiments but not at 
the end, as many of the individuals in some of the stocks were in this 
condition. 

Since movement increases both the oxygen consumption and carbon 
dioxide production, movement is a disturbing factor in any experi- 
ments on the rate of respiratory exchange. In most of our experiments 
on Planaria, we remove the heads of the individuals to be tested several 
hours before the test, since decapitated worms remain perfectly quiet. 
This procedure was not thought advisable in the present experiments 
since the subsequent regeneration of the heads would introduce an 
additional factor. Hence it was necessary to observe carefully the 
degree of movement. If the worms are placed in the experimental 
flask several hours before the test, and if the flask is darkened during 
the test, movement can be largely eliminated. Movement is most 
likely to occur during the middle of the starvation period, recently 
fed worms or greatly starved worms being generally inclined to in- 
activity. Hence the figures obtained during the middle of the star- 
vation period are probably slightly too high on account of movement. 
At the end of the starvation period at the last test made, in order to 
eliminate this factor completely, the heads were cut off, unless they 
had previously disintegrated as a consequence of starvation. Hence 
the final figures on the rate of oxygen consumption after prolonged 
starvation are entirely free from this difficulty. 

Further details regarding the worms are given in the following 
records of the experiments. 


EXPERIMENTAL RESULTS WITH PLANARIA DOROTOCEPHALA 


Planaria dorotocephala is the species which has been employed in 
most of the investigations carried out by Professor Child and his 
students. Large stocks of this worm are kept constantly in the 
laboratory and fed three times a week on liver. From these general 
stocks eight lots, designated as A, B, F, G, H, K, M and N were selected 
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for the present experiments. The members of each lot were of approxi- 
mately equal size and had been kept under the same conditions for 
some time preceding the experiments. Details regarding the make- 
up of each lot and the data obtained upon them are given in the fol- 
lowing descriptions and accompanying tables. Six of the eight lots 
were fed and the effect of feeding as well as that of starvation on the 
oxygen consumption determined. 

In the tables, the first column gives the length of time since feed- 
ing. The second column gives the actual figures of the oxygen 
consumption in a given period of time of the lot of worms on the day 
designated in the first column. In most cases two figures, the results 
of two separate determinations, are presented. The third column 
gives the weight of the lot of worms just after testing. The last column 
in each table is a calculation of the average oxygen consumed in 
cubic centimeters in two hours by 0.5 gram of Planaria. This cal- 
culation to a given weight and time is, of course, necessary in order 
to compare the rate of oxygen consumption at different periods of 
starvation. The time period and weight chosen for this calculation 
are, of course, purely arbitrary, selected as most nearly corresponding 
with the weights and time periods actually used in the experiments. 

A word may be needed in explanation of the recorded weights. 
In the case of lots A, B, F, G and H, not all of the individuals in each 
lot were used each time in the early part of the experiments, a cir- 
cumstance which accounts for the variability in weight. In lots 
K, M and N, the entire lot was used at each test, and the recorded 
weights therefore illustrate the loss of weight of these lots during 
starvation, with one increase due to feeding. I was somewhat at a 
loss to know how to regard the increase in weight resulting from in- 
gestion of food. I finally decided that such increase should not be 
‘alculated in the results since this additional weight from the ingested 
food can hardly be regarded as respiring protoplasm, at least not 
within the first twenty-four hours after feeding. Hence in the feeding 
experiments the worms were weighed just before feeding, and this 
weight was used for calculating the rate of oxygen consumption after 
feeding. 

The temperature of all experiments was 22 + 0.5°C. 

Record of lot A (table 1). Lot A consisted of worms about 10 mm. 
long selected from a stock which had been in the laboratory for four or 
five months (the exact date of collection was not known). They 
were last fed on March 3, 1919. On March 8, five days after feeding, 
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the average oxygen consumption of 0.5 gram in two hours was 0.30 
ec.; on March 15, twelve days after feeding, it was 0.26; on March 29, 
after twenty-six days of starvation it was 0.36; and on April 29, 
after about two months’ starvation, 1.50 cc. of oxygen was consumed. 
At this time when the experiment was concluded, the size and number 
of the worms was greatly reduced and most of them had lost their 
heads so that movement could not have played any rdéle in the final 


result. 
TABLE 1 
Record of lot A 
CALCULATION, 
TIME SINCE FEEDING OXYGEN CONSUMED IN TEST WEIGHT 5 
TWO HOURS 
days ce. grams 
| 
5 0.30 in 2 hours 0.464 0.30 
0.26 in 2 hours 
12 0.28 in 2 hours 0.499 0.26 
| 0.24 in 2 hours 
26 0.22 in 2 hours 0.302 0.36 
57 0.15 in 3 hours 
0.034 | 1.50 


0.16 in 3 hours 


TABLE 2 
Record of lot B 


CALCULATION, 
OXYGEN CONSUMED 
ME SINCE FEEDING OXYGEN CONSUMED IN TEST yEIG | . 


TWO HOURS 

days | cc. grams ce. 

5 0.46 in 2 hours 0.712 0.31 

0.42 in 2 hours 
12 0.26 in 2 hours 0.566 0.23 
0.28 in 2 hours 

26 0.23 in 2 hours 0.464 0.24 
56 0.13 in 2 hours 0.147 0.47 


| 0.15 in 2 hours 


Record of lot B (table 2). Lot B was selected from a stock collected 
in February, 1919. They were slightly larger than the worms in the 
preceding stock, about 12 to 13 mm. long. The worms were last 
fed on March 5. On March 10, five days after feeding, the oxygen 
consumed in two hours by 0.5 gram was 0.31 cc.; on March 17, twelve 
days without food, it was 0.26 ec.; on March 31, after twenty-six 
days without food, it was 0.24; and at the end of the experiment, May 
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1, after nearly two months of starvation, it was 0.47. The worms 
were much reduced in size but had retained their heads. These were 
cut off several hours before the final test. 

Record of lot F (table 3). This lot of worms was taken from a mixed 
stock which had been used for various other purposes. Worms in 
this stock had been collected during the fall and winter. The members 
of this lot were last fed on March 10. They were 12 to 15 mm. in 
length. On March 18, eight days after feeding, they consumed 0.25 
ee. of oxygen in two hours as calculated for 0.5 gram weight. They 

TABLE 3 
Record of lot F 
comeunED 


BY 0.5 GRAM IN 
HOURS 


TIME SINCE FEEDING OXYGEN CONSUMED IN TEST WEIGHT 


ce, grams 


0.17 in 14 hour 
0.17 in 13 hour 0.444 


Fed immediately after above determination 


1 to 3 hours 0.34 in 14 hour 0.444* 


3 to 5 hours 0.28 in 14 hour 0.444* 

2 days 0.18 in 1} hour 0.486 
0.19 in 14 hour 

7 days 0.21 in 2 hours 0.413 
0.17 in 2 hours 

21 days 0.12 in 2 hours 0.214 

48 days 0.17 in 3 hourst 0.075 
0.19 in 3 hours 


* Weight taken before feeding, see text. 
+ Figures obtained on combined lots, F, G and H. 


were then fed on liver and their oxygen consumption tested one to 
three hours after feeding. It was now 0.50 ce. Three to five hours 
after feeding it had fallen to 0.42 cc. It must be noted that the weight 
of these worms was taken before feeding and they were not weighed 
again after feeding as it was considered that the increased weight 
resulting from the intake of food could not properly be calculated with 
respiring protoplasm. It was therefore considered fairer to omit 
the increase in weight following feeding. On March 20, two days 
after feeding, the oxygen consumption had fallen to 0.25 ce.; on March 
25, a week since feeding, it was 0.22; on April 8, three weeks of star- 
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0.25 
0.50 
0.42 
0.25 
0.22 
0.28 
0.80 
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vation, it was 0.28; and on May 5, when the experiment was con- 
cluded, after a fast of seven weeks, it was 0.80. The condition of the 
worms was similar to that in ‘the preceding stocks. The number 
remaining was so few that it was necessary to combine those from lots 
G and H with those of lot F for the final determination on May 5. 
These three lots came from the same stock and had been treated in 
an identical manner throughout the course of the experiment. 

Record of lot G (table 4). The worms in this lot came from the 
same stock as those of lot F, were of the same size and were handled 


TABLE 4 
Record of lot G 


| CALCULATION, 
‘ OXYGEN CONSUMED 
TIME SINCE FEEDING OXYGEN CONSUMED IN TEST WEIGHT 


0.5 GRAM 
ce. ce. 

8 days 0.17 in 14 hour 0.23 

0.18 in 14 hour 


Fed immediately after above determination 


1 to 3 hours 0.29 in 14 hour 0.466* 
3 to 5 hours 0.26 in 14 hour 0.466* 
2 days 0.13 in 14 hour 
0.20 in 14 hour 
7 days 0.17 in 2 hours 
0.16 in 2 hours 
21 days 0.11 in 2 hours 
48 days 0.17 in 3 hoursf 
0.19 in 3 hours 


* Weight taken before feeding, see text. 
+ Figures obtained on combined lots, F, G and H. 


throughout in the same way. On March 18, eight days since the 
last feeding, they consumed 0.23 ec. of oxygen as calculated for 0.5 
gram weight for two hours. They were then fed on liver, and one to 
three hours after feeding they consumed 0.40 cc.; three to five hours 
after feeding, 0.37 cc. On March 20, two days later, their oxygen con- 
sumption was 0.26; on March 25, one week after feeding, it was 0.24; 
on April 8, three weeks without food, it was 0.31; and on May 5, 
seven weeks without food, it was 0.80. As noted for lot F, this final 
figure was obtained on the combined individuals from lots F, G and H. 


| | 
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Record of lot H (table 5). This lot was the same as to origin, size 
and handling as the preceding lots F and G. On March 18, eight days 
since the last feeding, the oxygen consumption was 0.24 cc. in two 
hours per 0.5 gram weight. The worms were then fed, and during the 
first to third hour after feeding they consumed 0.44 cc. of oxygen; 
during the third to the fifth hour after feeding, 0.42 cc. Two days 
later, their oxygen consumption had fallen to 0.33 cc.; a week after 
feeding, it was 0.24; after three weeks without food, it was 0.31; and 
after seven weeks’ starvation, it was 0.80. The three lots F, Gand H 


TABLE 5 
Record of lot H 


CALCULATION, 
OXYGEN CONSUMED 
| IN TWO HOURS BY 
0.5 GRAM 


TIME SINCE FEEDING | OXYGEN CONSUMED IN TEST WEIGHT 


8 days 0.16 in 14 hour 
0.16 in 14 hour 


Fed immediately after above determination 


1 to 3 hours | 0.28 in 14 hour 0.421* 

3 to 5 hours 0.27 in 14 hour 0.421* 

2 days | 0.18 in 14 hour 0.387 
0.21 in 1} hour 

7 days 0.18 in 2 hours 0.346 
0.16 in 2 hours 

21 days 0.12 in 2 hours 0.192 

48 days 0.17 in 3 hourst 0.075 
0.19 in 3 hours 


* Weight taken before feeding, see text. 
+ Figures obtained on combined lots, F, G and H. 


were, as can be readily seen, run simultaneously and were always under 
the same conditions. At the end of the starvation experiment they 
were greatly reduced in size and most of them had lost their heads, 
thus eliminating movement as a factor in the final determination. 

Record of lot K (table 6). Lots K, M and N were three lots selected 
from the same stock and run in’all respects under the same conditions. 
These three lots were tested with especial care, and the data presented 
for them are hence possibly more exact than the data for the five 
preceding lots. They were selected from a new stock, collected on 
March 11, 1919. They were last fed on March 24. The worms of 
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these lots were larger than in the preceding cases, 15 to 18 mm. long. 
In consequence of this larger size, they were not reduced so much at 
the end of the experiment, and all had retained their heads throughout 
the period of starvation. The possible disturbing factor of regener- 
ation of the head is therefore eliminated in the case of these three lots. 
These worms were also so active at the conclusion of the experiment 
that it was necessary to decapitate them before testing their rate of 
oxygen consumption. In these three lots then movement has been 
completely eliminated as a factor in the final results. In short, the 


TABLE 6 
Record of lot K 


CALCULATION, 
OXYGEN CONSUMED 
IN TWO HOURS BY 
0.5 GRAM 


TIME SINCE FEEDING OXYGEN CONSUMED IN TEST WEIGHT 


grams 


0.589 


Fed immediately after above determination 


| 


2 to 4 hours 46 in 1} hour 0.579* 
7 to 8} hours .48 in 1}$ hour | 0.579* 
24 hours .30 in 13 hour 0.579* 
3 days .32 in 2 hours 0.623 
7 days .27 in 2 hours 0.543 
21 days 0.21 in 1$ hourt 0.325 

0.16 in 1} hour 
48 days 0.11 in 2 hours 0.112 
0.13 in 2 hours 


o 
| 


*Weight taken before feeding, see text. 
+ Considerable movement during this determination. 


data for these three lots seem to me to be absolutely dependable and 
to be free from all possible sources of error. The entire stock was used 
in each case for each determination, and hence the weights given are a 
fair picture of the loss of weight of Planaria during starvation. Of 
course a few individuals were discarded from time to time on account 
of injury. Fission, however, was practically absent in these lots. 
The oxygen consumption of lot K on March 28, four days after 
feeding was 0.25, calculated as before for two hour periods and for 
0.5 gram of weight. The worms were then fed and the oxygen con- 
sumption two to three and a half hours after feeding was 0.52; seven 
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to eight and a half hours after feeding it was 0.54. On the next day, 
twenty-three to twenty-four hours after feeding, it was 0.32. On 
March 31, about three days after feeding, it was 0.25; on April 4, a 
week without food, it was 0.24; April 18, three weeks without food, 
it was 0.38; and at the conclusion of the experiment, on May 15, after 
seven weeks’ starvation, it was 0.53. It should be noted that the 
worms were rather active during the determination of April 18, and 
hence the figures obtained upon this date are slightly,too great, partic- 
ularly the first of the two successive determinations. During the 


TABLE 7 


Record of lot M 


CALI LATION, 
OXYGEN CONSUMED 
TIME SINCE FEEDING OXYGEN CONSU MED IN TEST WEIGHT IN TWO HOURS BY 


0.5 GRAM 


cc 


4 days 0.29 in 14 hour 0.761 0.25 


Fed immediately after above determination 
2 to 4 hours 0.58 in 1} hour 0.747* 
7 to 8} hours | 0.54 in 14 hour 0.747* 
24 hours 0.37 in 14 hour 0.747* 
3 days .43 in 2 hours 0.779 
7 days .32 in 2 hours 0.671 
21 days .23 in 13 hourt 0.424 
.17 in 13 hour 
48 days 13 in 2 hours 0.159 
.16 in 2 hours 


* Weight taken before feeding, see text. 
tf Considerable movement during this determination. 


second analysis they were for the most part inactive and hence this 
figure is more nearly correct. As already stated the heads of the 
worms were cut off for the final determination so that movement was 
completely eliminated. 

Record of lot M (table 7). All the remarks made with reference to 
lot K apply to this lot also. Four days after the last feeding, lot 
M consumed 0.25 ec. of oxygen; on the same day, two to three and one- 
half hours after feeding, this figure rose to 0.51 ec.; and seven to eight 
and one-half hours after feeding, it had fallen slightly to 0.48. The 
next day it was 0.33 cc.; on the third day after feeding, 0.28; after a 


0.61 
0.48 
0.33 
0.28 | 
0.23 
0.31 
0.45 


390 L. H. HYMAN 


week without food, 0.23; after three weeks, 0.31; and after seven 
weeks’ starvation, 0.45. 

Record of lot N (table 8). This lot is similar in all respects to the 
two preceding lots. These worms consumed on the fourth day after 
feeding 0.23 cc. of oxygen per 0.5 gram weight in two hours; on the 
same day shortly after feeding, the oxygen consumption rose to 0.51, 
and fell a few hours later to 0.49. The next day it was 0.31; the 
third day after feeding, 0.27; a week after feeding, 0.22; after three 
weeks without food, 0.28; and after seven weeks without food, 0.56. 


TABLE 8 
Record of lot N 


| CALCULATION, 

ME SINCE LEDING XYGEN ¢ ‘SU ME N | 

TIM I E FEEDING OXYGEN CONSUMED IN TEST WEIGHT IN TWO HOURS BY 


0.5 GRAM 


cc. | grams ce. 


4 days 0.27 in 1} hour | 0.769 0.23 


Fed immediately after above determination 


.58 in 1} hour 0.758* 
.56 in 13 hour 0.758* 
36 in 14 hour 0.758* 
45 in 2 hours 0.832 
32 in 2 hours 0.706 
19 in 14 hour 0.446 
19 in 14 hour 

14 in 14 hour 0.125 
14 in 14 hour 


2 to 4 hours 
7 to 8} hours 
24 hours 

3 days 

7 days 
21 days 


0 

0 

0. 
0. 
0. 
0. 
0. 
0. 


48 days 


~ 


* Weight taken before feeding, see text. 


EXPERIMENTS WITH PLANARIA VELATA 


Planaria velata is a turbellarian flatworm found in temporary pools 
in the spring in the Chicago region. Associated with the peculiar 
conditions of life which exist in temporary pools, the life cycle of this 
animal is exceptionally interesting. It has been investigated by 
Child, to whose paper on the subject the reader is referred (5). The 
animal emerges from cysts in the spring when the temporary ponds fill 
with water, grows rapidly and soon attains adult size. It then ceases to 
feed and posterior portions of its body drop off, secrete a mucous cyst 
about themselves, and pass into a quiescent state within this cyst. 
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This process continues until the entire worm has formed a series of 
cysts. After about four weeks, in case the pond still contains water, 
the worms emerge from the cysts, but they are now completely re- 
generated whole worms of small size. This cycle is repeated until 
the pond dries up, whereupon the cysts remain quiescent until the 
following spring. 

I performed three experiments with this species. In each case the 
experiment was interrupted by the formation of cysts. The young 
worms which emerge from the cysts are of course in a state of extreme 
starvation. As, however, not all of them emerge at once, it was 
necessary to feed those which emerged first in order to keep them 
alive until a number of individuals sufficient for a determination of 
their oxygen consumption had appeared. The young. starved worms 
were therefore fed two or three times at long intervals. Since this 
feeding was entirely inadequate to bring about growth, it is certain 
that at the time of testing the young worms were still in a state of 
extreme starvation, and that their oxygen consumption therefore 
truly represents starvation metabolism. In addition it must be noted 
that these worms have also undergone regeneration. Now as I shall 
show in the second paper of this series, regeneration also greatly in- 
creases the rate of oxygen consumption. Hence, in these experiments 
with Planaria velata, the end result is a combination of the effects of 
both starvation and regeneration on the metabolic rate. It is not in 
this particular case possible to separate these two factors, although 
one can prevent this species from undergoing encystment by beginning 
to starve the worms before they have attained adult size. This I 
attempted to do but evidently growth had already progressed too far 
when I began the experiments and all of the worms encysted. 

Record of lot C (table 9). This lot of Planaria velata was taken 
from a collection of March 7, 1919. They were fed once after being 
received in the laboratory, on March 10. The individuals selected 
for the experiment were 10 to 12 mm. long. On March 13, three 
days after feeding, they consumed 0.31 cc. of oxygen in two hours per 
0.5 gram weight. On the same day, two to three and one-half hours 
after feeding, the oxygen consumption was 0.43. It should be noted 
that only a small proportion of the lot fed, as they were evidently 
already on the verge of encystment. On March 15, two days after 
feeding, the oxygen consumption was 0.32; on March 20, a week 
without food, it was 0.29. The worms now rapidly encysted and in a 
week or two the dishes were a mass of small round cysts. Late in 
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TABLE 9 


Record of lot C 


| | CALCULATION, 
OXYGEN CONSUMED 

ME SINCE FEEDING XYGEN CONSUMED IN : 
TIME SINCE FEEDING OXYGEN CONSUMED IN TEST WEIGHT IN TWO HOURS BY 
0.5 GRAM 


ce, 


3 days 0.32 in 14 hour 
0.42 in 14 hour 


Fed immediately after above determination 


0.707* 
0.602 


2 to 34 hours | 0.46 in 14 hour 
2 days 0.28 in 13 hour 
0.30 in 14 hour 
0.19 in 14 hour 0.428 


Worms encysted and emerged as young worms, see text 


0.10 in 3 hours 0.058 0.68 
0.14 in 3 hours 


| 


TABLE 10 


Record of lot D 


CALCULATION, 

TIME SINCE FEEDING OXYGEN CONSUMED IN TEST WEIGHT IN TWO HOURS BY 
| 0.5 GRAM 


| cc. cc. 
3 days 0.44 in 1} hour 0.35 
0.39 in 14 hour 


Fed immediately after above determination 


2 to 34 hours 0.50 in 14 hour 
2 days 0.37 in 14 hour 

0.37 in 13 hour 
7 days 0.22 in 14 hour 


Worms encysted and emerged as young worms, see text 


0.140 


70 days 0.19 in 3 hours 


| 
0.21 in 3 hours 


*Weight taken before feeding, see text. 
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April and throughout May, the young worms were emerging. They 
were picked out on May 3, and fed at that time; then again on May 10, 
and fed; and again on May 21. On May 26, those which had emerged 
since were added to the lot of young worms and at this time the heads 
of all were cut off to prevent movement. On May 27, the final test 
of the rate of oxygen consumption was made. It should be noted 
therefore that lot C at that time was made up of young worms, some 
of which had been fed three times, some twice, some once, and some 
not at all. As already noted the feedings were at such long intervals 
that the worms were in a state of starvation. The oxygen consump- 
tion on May 27 was 0.68. 

Record of lot D (table 10). This lot of worms was identical in make- 
up and kept under the same conditions as the preceding lot. On March 
13, three days after feeding, the oxygen consumption was 0.35 ce.; 
on the same day a few hours after feeding (most of the worms refused 
to feed), it was 0.49. Two days later, it was 0.38; and after a week 
without food, it was 0.27. Eneystment now ensued as related in the 
preceding case. The emerged worms were fed on May 3 and May 10 
and tested on May 22, so that the lot finally tested contained some 
worms which had been fed once, some twice and some which had not 
received any food. The oxygen consumption on May 22 was 0.70 
ec. The heads were not removed but the worms certainly were no 
more active than in the earlier tests on this lot, so that the results are 
dependable. 

Record of lot E (table 11). This lot is identical with lots C and D. 
On March 13, three days after feeding, the oxygen consumption was 
0.34; on the same day, a few hours after feeding, it rose to 0.53. More 
of the individuals in this case took food than in the case of the two 
preceding lots. Two days later, the oxygen consumption had fallen 
to 0.35 ec.; and a week after feeding it was down to 0.21. After 
emergence from the cysts, the young worms were fed on May 3 and 
May 10, and tested on May 22, some of the lot at ‘the time of the 
test having therefore fed twice, others once, and others not at all. 
On this day, the oxygen consumption was 1.05. 

On May 26, all worms which had emerged in lots C, D and E since 
May 22 were collected into one lot and their heads removed. No 
members of this lot had been fed, and they had therefore been without 
food for seventy-five days. Their rate of oxygen consumption was 
tested on May 27. They consumed 0.16 and 0.17 ce. of oxygen in 
two tests, each lasting three hours. They weighed 0.067. The 
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oxygen consumption as calculated for two hours and for 0.5 gram 
weight was 0.80. In this experiment, then, movement had been 
completely eliminated by decapitation, and none of the worms had 
received food. The rate of oxygen consumption of such emerged 
starved worms was more than twice as high as that of the same worms 
a few days after feeding. Both regeneration and starvation are 
involved in this increase, as already noted. 


TABLE 11 
Record of lot E 


| 


| 
} CALCULATION, 
| | OXYGEN CONSUMED 
NCEF 2 a NSU | 
TIME SINCE FEEDING OXYGEN CONSUMED IN TEST | WEIGHT In FWO MOURS BY 


0.5 GRAM 


ce. 
3 days 0.31 in 14 hour 0.593 


Fed immediately after above determination 


0.47 in 1} hour 0.581* 
0.29 in 14 hour 0.494 
0.24 in 1} hour | 


0.12 in 1} hour 0.374 


Worms encysted and emerged as young worms, see text 


0.18 in 3 hours 0.60 


0.20 in 3 hours 


* Weight taken before feeding, see text. 


CONCLUSIONS AND DISCUSSION 


The data obtained from eleven different lots of Planaria, belonging 
to two species, are in complete agreement with each other and serve 
to demonstrate ‘the following facts regarding the oxygen consumption 
of Planaria during feeding and starvation. 

1. The oxygen consumption is increased after feeding. The amount 
of this increase depends directly upon the number of individuals 
which take in food. Thus in the case of lots K, M and N, presented 
in tables 6, 7 and 8, where practically all of the individuals fed, the 
increase is more than 100 per cent, while in lots F, G and H, in which 
some individuals did not feed, the increase ranges from 80 to 100 
per cent, and in lots C and D, where the majority of the individuals 


0.34 
2 to 3} hours 0.53 ; 
2 days 0.35 
7 days 0.21 
| 
70 days 1.05 
} 
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refused to feed, the increase is only 40 per cent. In lot E, worms 
comparable in every way to those of lots C and D, more of the worms 
were observed to apply themselves to the meat and a correspondingly 
greater increase, about 60 per cent, in rate of oxygen consumption was 
found. 

2. This increase in the rate of oxygen consumption due to feeding 
begins to fall within a relatively short period of time after feeding. 
A slight decrease is noticeable seven to eight hours after feeding, and 
twenty-four hours after feeding the rate has fallen off very markedly. 
The rate continues to fall more slowly from this time on and reaches 
a minimum value one to two weeks after the last feeding. 

3. After the rate of oxygen consumption has reached a certain 
minimum value, it begins te rise. This rise is distinctly noticeable 
three weeks after feeding. 

4. The oxygen consumption continued to rise as long as the experi- 
ments were continued. After seven to eight weeks without food, the 
oxygen consumption is two to five times as great as it is in the same 
worms several days after the last feeding. 

5. Starvation is therefore a means of increasing the rate of oxygen 
consumption of Planaria. After a long period of starvation the or- 
ganism has a metabolic rate like that of young worms and resembles 
them in shape and proportions, color, rapidity of movement and in 
general reactions and behavior. Child has shown (4) that the carbon- 
dioxide production of young worms is invariably greater than that of 
old worms per unit weight. I have recently found (results to be 
published shortly) that similarly the oxygen consumption of young 
worms is invariably higher than that of old worms, per unit weight, 
both being in a condition of adequate nutrition. The difference be- 
tween fed young and old worms is not so great as that between fed and 
starved worms. Starved worms are therefore metabolically like young 
worms, when both are compared with old fed worms. 

These conclusions merit further discussion, with reference to experi- 
ments on Planaria by other methods and experiments on other forms. 

The effect of feeding and starvation on Planaria dorotocephala and 
Planaria velata has already been studied by Child by means of the 
susceptibility method and through carbon-dioxide production (4), 
(5), (6), (7). A significant difference exists between the results ob- 
tained by these two methods. The susceptibility continually increases 
during the period of starvation and is not increased by feeding, while 
both the carbon-dioxide production and the oxygen consumption 
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are increased by feeding, decrease during the earlier stages of star- 
vation, and increase only in the later stages of starvation. As already 
emphasized in the introductory remarks, susceptibility concerns 
chiefly the metabolic condition of the superficial structures of the 
body. The metabolic rate of these structures is then not increased 
by feeding but increases throughout the period of starvation. On 
the other hand, the susceptibility of the intestine, which can be ob- 
served separately in Planaria, is increased by feeding, falls after feeding, 
and rises again in the later stages of starvation. The susceptibility 
of the intestine therefore runs parallel to the total metabolism as 
measured by both carbon dioxide production and oxygen consumption. 
It is therefore certain that the increase in the rate of respiratory ex- 
change seen after feeding in Planaria is due entirely to the increased 
activity of the digestive apparatus and the subsequent decrease in 
total metabolism during the early stages of starvation is due to the 
decreased activity of the digestive tract. 

The data at hand permit us to draw certain conclusions as to the 
factors involved in the increase of metabolic rate after feeding. I 
have already mentioned that the effect of feeding on total metabolism 
decreases rapidly so that within twenty-four hours after a single feeding, 
the rate had fallen to a marked extent. Now it is certainly impossible 
for Planaria to digest a meal completely in this short length of time. 
The intestine of Planaria remains filled with food undergoing digestion 
certainly for as long as a day after feeding and probably much longer. 
If Planaria is fed on blood clot, the corpuscles can still be recognized 
within the intestine on the following day. If these worms are fed at 
intervals of two days, only a portion of them will take food on each 
occasion. Hence it is fairly certain that in Planaria the rise in rate of 
oxygen consumption after feeding cannot be attributed to assimilation or 
similar anabolic processes, since such processes would be going on even 
more rapidly twenty-four hours after feeding than a few hours after feed- 
ing; yet by the next day the oxygen consumption has fallen markedly. 
Further any increase in assimilative processes ought to be detectable 
in other parts of the body also but the susceptibility method demon- 
strates that the metabolic rise following feeding involves the intestine 
only. One may therefore conclude that in Planaria the increase 
in metabolic rate following feeding is attributable to the activity of the 
intestine, including probably such processes as the secretion of digestive 
enzymes by the entoderm, amoeboid movements of the entoderm cells, 
and absorption of food through the entoderm, all processes which 
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are known to involve an increased rate of respiratory exchange. It 
is probable, however, that all of these activities combined are not 
adequate to account for the increase observed. One must therefore 
postulate a direct stimulation of the entoderm cells by the food or its 
products, causing an increase in the intrinsic metabolic rate of these 
cells, not due either to formation of new protoplasm or to oxidation 
of the food products, although the latter process may of course play 
some role. A similar conclusion has been reached inregard to mammals, 
as will be considered below. 

All three methods, susceptibility, carbon-dioxide production and 
oxygen consumption, demonstrate that in Planaria the total metab- 
olism is markedly increased in long-continued starvation. The 
relative susceptibilities of fed and starved animals have been tested 
by Child not only with cyanide, alcohol and other anesthetics, but 
also recently with lack of oxygen, a method to which none of the 
objections possible with the toxic solutions can be raised. It may 
therefore be concluded that starved worms are in a metabolic condi- 
tion identical with that of young worms, and that starvation is a 
means of rejuvenescence. This matter has been so fully treated 
in Child’s book that further discussion of it is superfluous. 

The oxygen consumption in starvation rises much more rapidly 
than does the carbon-dioxide production, and runs more in accord 
with the results obtained by the susceptibility method than does the 
latter. It may therefore be suggested that the chemistry of the 
oxidation processes is different during starvation than in a condition 
of adequate nutrition. The oxygen consumption rises but the car- 
bon-dioxide production increases less rapidly so that the organism is 
apparently carrying on oxidations which do not involve evolution of 
sarbon-dioxide. Perhaps this is due to the fact that it is using its 
own tissues as a source of energy while ordinarily it is using ingested 
food. It seems reasonable to suppose that the former can be burned 
more economically than the latter. 

Experiments on the metabolism of other animals in relation to feeding 
and starvation are scanty in number, with the exception of mammals. 
Among the Protozoa, tests have been made on Paramecium only. 
Barratt (8) .first showed that the carbon-dioxide production of Par- 
amecium is decreased during the early stages of starvation. Recently 
Lund (3), (9) has confirmed this observation and has performed more 
extended experiments on the rate of carbon-dioxide production and 
oxygen consumption in feeding and early starvation in this organism. 
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The rates of both processes were increased by feeding and decreased 
in early starvation. Susceptibility to cyanide (of the ectoplasm) 
was not increased by feeding but increased in starvation. The rise in 
metabolic rate following feeding is therefore as in Planaria due solely 
to the activity of the entoplasm, and the fall in rate in early starvation 
is attributable to decreased activity of the entoplasm. The results 
with Paramecium as far as they go are therefore identical with our 
results on Planaria. Lund’s experiments were not carried on for a 
sufficient length of time to determine whether or not there is an in- 
creased metabolism in prolonged starvation; this is probably impractical 
as one would have to know the weight of the organisms. Lund states 
that the increase in metabolic rate after feeding is the result of “in- 
gestion, digestion and assimilation of the food by the cell leading to 
growth.” It is probable that the activity involved in Paramecium 
in sweeping food into the gullet and in the formation of food vacuoles 
would account for a small part of this increase. Digestion may be 
ruled out, as digestion is chemically a process of hydrolytic cleavage 
involving neither oxygen consumption nor carbon-dioxide production. 
It is probable that what Lund really means is the secretion of digestive 
enzymes, an activity undoubtedly involving an increase in respiratory 
exchange. Whether assimilation is concerned in the result cannot 
be decided from the data presented, since the animals were supplied 
with food throughout the experiment and were continually ingesting 
food throughout the experiment. If assimilation and growth are 
really involved in the increased metabolism noted, then they must 
affect the ectoplasm also. However, the susceptibility method showed 
that the metabolic rate of the ectoplasm was not increased by 
feeding, but only by starvation. It may further be pointed out that 
assimilation as commonly understood and certainly that resulting 
in the formation of new protoplasm is chemically a process of dehy- 
dration, involving no increase in rate of respiratory exchange. It 
seems very likely therefore that in Paramecium the factors mentioned 
by Lund are not adequate to account for the increased metabolism 
observed in feeding but that as in Planaria and as has been concluded 
in regard to mammals, a direct stimulation of the digestive apparatus 
by the food is involved. Oxidation of the products of digestion may 
be a factor also. 

The effects of feeding and starvation on Hydra have been tested 
in this laboratory but by the susceptibility method only. We have 
found (10) that in this animal the ingestion of food causes a local 
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increase in susceptibility. This increase is confined solely to the small 
region of the column which contains the food and the susceptibility 
of the rest of the animal is unaffected. Soon after ingestion, the 
susceptibility falls in this local region. The susceptibility of the 
entire animal is greatly increased by starvation (one or two weeks), 
and such starved animals resemble in susceptibility and behavior 
newly released buds. Conditions in Hydra are therefore like those in 
Planaria. 

Some data on other coelenterates are available also through the 
work of Vernon (11). In some of these forms the rate of respiratory 
exchange was tested on successive days without food but the experi- 
ments were unfortunately carried on for a few days only. In two 
species of ctenophores and two species of Salpa (a pelagic tunicate), 
the rate of respiratory exchange was found to increase daily when the 
organisms were kept without food. Such an immediate increase in 
the absence of food has not been noted in other organisms but may be 
accounted for in these forms by their extreme delicacy and lack of 
solid structures which do not permit the storage of excess food; they 
are hence probably in a state of starvation very soon after cessation 
of feeding. In other similar coelenterates, two kinds of medusae, 
the rate of respiratory exchange remained about the same during 
the period tested, three to four days without food. In these watery 
coelenterates, then, the metabolic rate ceases to fall or may even 
rise in very short periods of starvation. 

In other marine organisms, nudibranchs, octopus, Amphioxus and 
teleosts, Vernon noted a fall in metabolic rate in the early days of 
starvation. These forms, whose anatomy permits of food storage, 
are therefore similar to Planaria, as far as the data permit a comparison. 

For some time I have been studying the effect of starvation on the 
metabolic rate of the smaller aquatic oligochaetes, chiefly Tubifex. 
In this worm, the susceptibility to cyanide increases continuously 
throughout a period of starvation extending over two months. The 
carbon-dioxide production, however, falls in the early days of starvation, 
and increases later. This increase occurs much earlier than in the 
case of Planaria, a fact which we attribute to the simpler structure 
of the digestive tract in Tubifex as compared with Planaria. In 
general, however, except for this detail, the metabolic conditions in 
these worms, in relation to starvation, are like those found in Planaria. 

In fish, Wells (12) has tested the susceptibility to cyanide during 
starvation. The susceptibility was found to decrease during the early 
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part of the starvation period and to increase subsequently. Here, 
contrary to the findings on the lower organisms, the decrease in 
metabolism in early starvation shows up with the susceptibility method. 
In the lower forms, it is the susceptibility of the intestine alone 
which exhibits such a decrease. In these lower forms, susceptibility 
is measured by the time of death and disintegration of the body 
surface; in fish by the time of death of the organism as a whole. In 
this latter case, as Child has suggested, the time of death is probably a 
more definite measure of the total metabolic rate, since in vertebrates, 
the cyanide circulating in the blood causes death chiefly by its 
effect upon internal parts. In fish, then, as in lower invertebrates, 
the metabolic rate is increased in prolonged starvation. 

The data upon mammals are so extensive that it would be out of 
place to attempt to review them in this brief paper. They are ade- 
quately presented in Lusk’s The Science of Nutrition, in his various 
papers on animal calorimetry published in the Journal of Biological 
Chemistry, and in the publications of the nutrition laboratories at Mid- 
dletown and Boston. This work on mammals agrees with the work on 
the lower forms. In mammals, the metabolic rate is increased after 
the ingestion of food.- This increase is greatest in the case of ingestion 


of protein, less in the case of carbohydrates or fats. The cause of the 
increased metabolism after protein ingestion has been carefully in- 
vestigated by Lusk and his associates (13) who came to the conclusion 
that a direct stimulation of the cells by the metabolic products of amino- 
acids was responsible for the results. Only certain of the amino-acids 


have this “specific dynamic action.’”’ Neither processes of deami- 
nation nor direct oxidation of ingested protein by the cells could be 
regarded as responsible since the increase was greatest shortly after 
ingestion of the protein or amino-acids before a sufficient time had 
elapsed, as shown by urinea nalysis, for the metabolizing of the in- 
gested materials to have occurred. Some carbohydrates, such as 
glucose, also increased the metabolic rate, and the same was true of fat. 
In both of these cases, the increase was probably due to an actual 
oxidation of the foods after they had reached the cells (14). In 
mammals, then, ingestion of food almost invariably increases the 
metabolic rate, either through a direct stimulating effect of the con- 
stituents of the food upon the cells, or through the oxidation of the 
newly available nutritive molecules. The activity of the digestive 
glands and digestive apparatus apparently plays a negligible réle in 
the observed metabolic increase. 
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In mammals as in other forms the metabolic rate soon begins to 
fall after ingestion. In the experiments quoted above the maximum 
effect in the case of protein food was observable two to three hours 
after ingestion, remained high up to about fourteen hours after in- 
gestion, and then gradually fell. The carbon-dioxide production and 
oxygen consumption began to fall within eight to ten hours after in- 
gestion. In the case of carbohydrate food, the increase is at the 
maximum during the second to fifth hours after ingestion, and in the 
‘vase of fat attains a maximum by the sixth hour. 

Studies on prolonged fasts in mammals have shown that the metab- 
bolism continues to fall during the early days of the fast. Soon how- 
ever the metabolism attains a nearly constant level and after that 
begins to rise. The carbon-dioxide production, the oxygen consump- 
tion and the total heat production, as calculated per kilogram of body 
weight, rise in the later periods of proldénged fasts. These data are 
given in Benedict’s report on a fast of thirty-one days by the subject 
L (15) and in this publication similar results are reported from pro- 
longed fasts in dogs. In L, it is also important to note that the rate 
of the heart beat was distinctly accelerated toward the end of the fast. 

In mammals, therefore, including man himself, the effect of star- 
vation is the same as in Planaria and other lower organisms. As a 
result of starvation, all organisms are restored to a metabolic con- 
dition resembling that of younger animals. It has been the general 
impression of men who have undergone long fasts, and observations 
on dogs confirm this, that they are in a better physiological state 
after than before fasting. 

One point still remains to be discussed. It might be maintained 
that the increased metabolism per unit of weight observed in fasting 
is only apparent, since it might be supposed that the decrease in 
weight was due solely to a loss of non-respiring materials. If, however, 
this were the case, the metabolism as calculated per unit body weight 
ought to increase in the early days of the fast when this non-respiring 
material is disappearing most rapidly. This, however, is not the case. 
Further, the heart loses less material than almost any other part of 
the body, and hence the increase in the rate of the heart beat in star- 
vation cannot be attributed to loss of non-respiring materials but 
must represent a real increase in the basic metabolism of the heart 
protoplasm. That the intensity of cellular activity is really increased 
in fasting is the conclusion reached by Benedict from his study of the 
metabolism of L in fasting. 
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The increased cellular metabolism in fasting is probably, as Child 
has long maintained, due to the removal from the cells of reserves, 
structures and deposits of one kind or another which interfere with 
metabolic processes. The removal of these hindrances to metabolism 
restores the cell to an undifferentiated condition like that of young 
cells and permits a metabolic activity like that of such cells. 


SUMMARY 


1. The oxygen consumption of Planaria is increased markedly after 


the ingestion of food. 

2. This increase is maintained only for several hours after ingestion 
of food, and the oxygen consumption then begins to fall. By the 
following day the metabolism has decreased again to a marked degree. 

3. The oxygen consumption continues to fall in the early days of 
starvation, reaching a minimum value within the first two weeks. 

4. The oxygen consumption then begins to rise and at the end of 
a period of prolonged starvation it is much higher than in animals 


starved only a few days. 
5. Data quoted from the work of other investigators show that in 


other organisms the effects of feeding and starvation on metabolic 
rate are essentially the same as in Planaria. 

6. It may therefore be concluded that starvation increases the 
metabolic rate of organisms, and that starved organisms are meta- 
bolically in a condition similar to that of young organisms. 
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In the course of investigation of the physiological condition of Pla- 
naria dorotocephala during starvation, the following facts have already 
been ascertained and recorded in earlier papers: first, that the suscep- 
tibility of ectoderm and body wall to concentrations of cyanide and vari- 
ous other agents which are lethal within a few hours increases during 
starvation (1), (3); second, that susceptibility of the alimentary tract 
to the same agents decreases rapidly in relation to that of the body wall 
during the earlier stages of starvation, but later shows some increase (5); 
third, that CO. production also decreases rapidly at first, but later 
shows some increase (5); fourth, that starved animals appear to be ex- 
tremely sensitive and show distinctly less capacity for acclimation to 
certain low concentrations of cyanides and other agents than fed ani- 
mals, this capacity decreasing during the course of starvation (1), (3). 
Numerous facts indicate that susceptibility to cyanides and many other 
toxic agents in sufficient concentration to kill without permitting any 
marked degree of acclimation or development of tolerance is in a general 
way and under at least a wide range of conditions, a rough criterion of 
metabolic condition, the susceptibility varying directly with, though not 
necessarily proportionally to the rate of metabolism or probably oxida- 
tion (2), (3), (4). Consequently the increase in susceptibility of ecto- 
derm and body wall during starvation suggests that the rate of oxidation 
in these organs increases as starvation progresses, while the decrease in 
susceptibility of the alimentary tract during the early stages of starva- 
tion suggests a decrease in rate in this organ in the absence of food. It 
has been pointed out in another paper (5) that the data on susceptibil- 
ity and those on CO, production during starvation are not in conflict 
when the alimentary tract is taken into account. It has been shown 
that the marked decrease in CO, production during the first few days 
of starvation is evidently due, at least in large part, to decrease in the 
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metabolic activity of the alimentary tract in the absence of food, and 
that in advanced stages of starvation, when the alimentary tract, as 
well as other organs, is undergoing reduction, there is a distinct increase 
in total CO. production. The conclusion suggested by the experi- 
mental data on susceptibility and CO, production is that ectoderm and 
body wall, which maintain or even increase their functional activity 
during starvation, show an increase in oxidation rate, while the ali- 
mentary tract at first undergoes a marked decrease in rate in conse- 
quence of decreased function, but later, when undergoing reduction, 
may also show some increase in rate. According to this interpretation, 
the increase in susceptibility of ectoderm and body wall during starva- 
tion and the decrease in CO: production during earlier stages, followed 
by increase in later stages, are not in any way contradictory. Suscep- 
tibility of ectoderm and body wall is a criterion of conditions in these 
parts only, while CO, production is a measure of conditions in the body 
as a whole. Since the CO: production of the alimentary tract is evi- 
dently a large part of the total, the changes in the alimentary tract are 
the chief factor in determining the changes in total COs, and only in 
later stages of starvation, when the alimentary tract is undergoing 
reduction, is the increase in CO, production sufficient to balance the 
earlier decrease, resulting from decrease in functional activity in the 
alimentary tract. At present this seems to be the only logical and 
satisfactory interpretation of the facts. 

Whatever the course of the changes in physiological condition during 
starvation in Planaria, it is certain that animals which are again fed 
after a period of starvation are, as regards susceptibility, capacity for 
acclimation, COz production, rate of growth and all other distinguish- 
able characteristics, physiologically younger than at the beginning of 
the starvation period (1), (3) (4, chap. VII), (5), being in approxi- 
mately the same physiological condition as well-fed growing animals of 
their own size or somewhat smaller. In other words, the decrease in 
size during starvation serves roughly as a measure of the degree of re- 
gression or rejuvenescence which the animals have undergone. 

The present paper is concerned with another aspect of the problem 
of starvation and its effects in Planaria, viz., the changes in suscepti- 
bility to lack of oxygen. Since oxygen is essential to the life of Planaria, 
susceptibility to lack of oxygen may be expected to show some relation 
to the fundamental metabolic condition. Moreover, various authors 
have observed that the action of cyanides seems in certain respects to 
be similar to that of lack of oxygen and I have found that cyanide in- 
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creases susceptibility to lack of oxygen, i.e., cyanide and lack of oxygen 
are additive in their action (7). And finally, susceptibility to lack of 
oxygen is the reaction of the animal to the absence of a factor essential 
for its fundamental metabolism, rather than to the presence of a toxic 
agent, and the possible complicating conditions involved in the use of 
toxic agents for determination of susceptibility are absent. 


METHOD 


Since the chlorination of the Chicago city water supply renders this 
water injurious to Planaria, water pumped from a well is used for all 


stocks and all experiments with the animals. This water, which be- 
fore exposure to the air has a very low oxygen content, usually '5 ec. 
per liter or less, has served as the basis for the experiments on suscepti- 
bility to lack of oxygen, but the procedure has been modified in various 
cases by introducing more or less oxygen into the water and thus pro- 
longing the survival time. 

The usual method of procedure is as follows: the animals to be com- 
pared, e.g., well-fed animals and animals starved a certain length of 
time, or starved animals and animals fed after starvation, etc., are 
placed together in a pyrex tube about 10 mm. in diameter, closed by 
fusion at one end, holding 5 to 6 ce. of water and calibrated in cubic 
centimeters, and this tube is sealed without air bubbles at any desired 
level, so that the animals are confined in 1, 2 or more cubic centimeters 
of water. Since the data are purely comparative, the placing of the two 
or more lots to be compared in the same tube provides identical condi- 
tions as regards oxygen for all the animals and avoids many complica- 
tions. Since the animals to be compared in each case are in the same 
water it maks no essential difference whether the different lots are of 
equal weight, and in consequence of the oxygen consumption of all the 
animals in the tube the oxygen concentration is undergoing continuous 
decrease and the most susceptible animals must die first. Of course 
the actual survival time.of the lots and the amount of difference be- 
tween them will vary with different conditions in the tubes but the es- 
sential point, i.e., whether one lot is more or less susceptible than an- 
other, is readily determined by this method. It is not even necessary 
to know the oxygen content of the water in a particular experiment, if 
the precautions mentioned below concerning CO: are observed. 

Several methods of sealing the tubes have been used. One of these 
which avoids exposure of the water to air, consists in the insertion of 
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a small tight plug of absorbent cotton to any desired level in the tube 
while both tube and cotton are held well below the surface of a large 
volume of the water coming directly from the pump and then sealing 
above the cotton with melted paraffine. Since leakage occasionally 
occurs around the paraffine, particularly if changes in temperature oc- 
cur, the entrance of air is prevented by placing a tightly fitting soft rub- 
ber tube 2 to 3 cm. long over the open end of the glass tube, filling both 
glass and rubber tube with the water used and closing with a screw 
clamp. Air may of course be excluded by the rubber tube and clamp 
alone, .but the animals are likely to creep into the rubber tube out of 
the light and die there, and since they tend to stick to surfaces when 
they begin to die they cannot readily be removed to the glass tube, 
where they can be seen. The cotton plug serves merely to avoid ex- 
posure of the water in the tube to the air and to remove the possibility 
of injuring the animals by temperature changes when the melted par- 
affine is run in. If care is taken to keep the animals at the bottom of 
the tube the paraffine may be run in directly on the surface of the water, 
though this necessitates exposure of this small surface to the air for a 
short time. 

In most cases lots of 3 to 5 worms each are used, and when starved 
and well-fed animals are compared there is no difficulty in distinguish- 
ing the animals of the two lots, even when they are of the same size. 
In cases where it may be difficult to distinguish animals of different 
lots, the tips of the posterior ends of one lot may be cut off. This 
or some other slight injury does not alter the susceptibility to any 
appreciable degree, except in the immediate region of the injury. 

Since the animals not only consume oxygen, but produce COs, it is 
necessary to make certain that death results from lack of oxygen and 
not from accumulation of CO.. The well water when first pumped con- 
tains a slight excess of COs, and pH = 7.4+. It was determined ex- 
perimentally by running washed CO; into flasks of well water containing 
a little of the proper indicator and some planarians and sealing at 
different values of pH, that death of the animals from CO: does not be- 
gin to occur until pH = 5.5 to 5.0 approximately. Susceptibility to 
CO», as to other agents, decreases with advancing age and differs with 
nutritive and other conditions, so that the minimum lethal concentra- 
tion of CO, differs somewhat for different animals. By adding to the 
water a little of the proper indicator it is possible to determine the 
pH at which the animals die in water containing various amounts of 
oxygen. In this way it has been found that in the low oxygen water 
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directly from the well they usually die while pH > 7.0, while with the 
various degrees of aeration used, death almost always occurs before the 
pH has decreased below 6.0. In other words, even in the aerated water 
the animals die before they have produced enough CO, to kill any of 
them and in the low oxygen water they die when or before the accumula- 
tion of CO, has decreased the pH to neutrality. As regards the low 
oxygen water then there can be no doubt that it is lack of oxygen, not 
COs, that kills, and even in the aerated water lack of oxygen is at least 
the chief if not the only factor in producing death, although the increas- 
ing H ion concentration may alter the amount of difference in suscepti- 
bility of the different lots. 

In many series, however, a little NaOH has been added to the water 
in order to avoid all possibility of injurious H ion concentration betore 
the animals are killed by lack of oxygen. With the low oxygen water 
NaOH is unnecessary but, as noted above, in aerated water, the H ion 
concentration sometimes approaches the danger point before the ani- 
mals die from lack of oxygen. The lower limit of lethal concentration 
of NaOH for the animals is between m/450 and m/500 so that the well 
water may be made up to any concentration below m/500 with the cer- 
tainty that the NaOH is not itself lethal. The well water made up to 
NaOH m/500 has a pH = 9 to 9.5 according to the amount of CO, in 
the water and with lower concentrations of NaOH the pH of course 
lies between 9.5 and 7.4. The addition of NaOH to the water increases 
the susceptibility to lack of oxygen even when the concentration is far 
below the lethal limit, e.g., m/1000 or m/2000, and in general the sur- 
vival times in water with a given oxygen content decrease as the NaOH 
concentration increases. In the higher concentrations of NaOH, e.g., 
m/750 made up in low oxygen water the animals may die from lack of 
oxygen at pH 8.6 or above and in aerated water at pH 7.0 or above. 
The use of NaOH in this way makes it possible to bring about death 
from lack of oxygen at any point within a considerable range of pH on 
the alkaline side of neutrality. 

As might be expected, it is found that the amount of difference in 
susceptibility of two lots of animals differs with the volume of water 
used, the oxygen content, the number and size of the animals in the 
water, the pH at the beginning and the amount of change in pH before 
death occurs, and some of these factors are mutually related. In no 
case, however, within the limits indicated, do these factors alter the gen- 
eral susceptibility relations of the lots compared, i.e., the susceptibility 
of a lot in a particular physiological condition is always greater than 
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that of another lot in a different condition, in all the modifications of the 
experimental method described, though the amount of difference may 
vary to a considerable degree with the different conditions of experiment. 
Some of these differences will appear in the data presented below, but 
since the paper is primarily concerned with the effect of starvation on 
susceptibility to lack of oxygen, the point of chief importance is the 
increase or decrease in susceptibility with change in nutritive condition, 
and the degrees of difference with different ranges of H ion concentration 
and other experimental conditions have to do with other problems. In 
all cases recorded below where susceptibilities are directly compared, 
the experimental conditions, except as regards nutrition or physiologi- 
cal age, are either identical or the differences are noted. With very few 
exceptions only lots in the same tube are directly compared. 

Two criteria may be used in determining susceptibility to lack of 
oxygen; first, the loss of muscular coérdination with consequent loss of 
ability to attach the body to the glass, and the cessation of motor ac- 
tivity which soon follows; second, by the disintegration of the body, both 
methods giving similar comparative results. As regards both these 
changes, the body of each individual, except in the more advanced 
stages of starvation, shows a gradient in susceptibility similar to the 
gradient in susceptibility to cyanides and other agents, the head region 
being most susceptible (6). In the later stages of starvation the body 
is usually almost as susceptible as the head, sometimes more so. 

The data on susceptibility are most simply presented in graphic form, 
and the method adopted for graphing is briefly as follows: since the ef- 
fects of lack of oxygen, both as regards cessation of movement and dis- 
integration usually begin at the head and progress in an orderly manner 
along the body, it is possible to distinguish more or less arbitrarily three 
or four stages in the course of each of these processes. Assigning to 
each of these stages a numerical value, e.g., stage I, 10; stage II, 20, 
etc., it is then possible to obtain a numerical value for the average con- 
dition of each lot of worms at any given time during the experiment 
by multiplying the number of worms in each stage by the numerical 
value for that stage, adding the products and dividing their sum by the 
number of worms in the lot. These values may then be plotted as or- 
dinates against times as abscissas. By measuring the ordinates down- 
ward from a distance above the axis of abscissas equal to the longest 
possible ordinate, the curves of susceptibility.appear as descending curves 
which reach the axis of abscissas when all worms of the lot have at- 
tained the final stage, or by reversing the order of the numerical values 
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of the stages and measuring upward from the axis of abscissas the same 
result is obtained. In the following figures the curves are all drawn as 
descending curves. This method of graphing susceptibility data is de- 
scribed in detail elsewhere (4, p. 81, footnote). With this method the 
difference in time measured on the axis of abscissas between the upper 
end and the base of the curve represents the entire time from the begin- 
ning to the end of the process of change concerned, either loss of motility 
or disintegration, and the course of the curve represents in a general 
way the progress of the change from the head along the body. The less 
the distance of the curve from the axis of ordinates, the greater the sus- 
ceptibility, and vice versa. The following graphs are plotted in this 
way, the time intervals indicated on the axis of abscissas being two 
hours each and the divisions on the axis of ordinates representing the 
stages. 

It should be noted that these data on susceptibility to lack of oxygen 
concern ectoderm and body wal and probably the nervous system, but 
not the alimentary tract. For the loss of motility, changes in cilia, 
muscles or the nervous system or all three are responsible, but as re- 
gards disintegration, oxygen must pass through the body wall to reach 
the alimentary tract, and when the oxygen content of the water be- 
comes so low that it is not sufficient to maintain the life of ectoderm and 
body wall, it is probable that very little oxygen is reaching the alimen- 
tary tract. As a matter of fact the alimentary tract appears to disinte- 
grate at about the same time as the body wall, but under the conditions 
of the experiment this fact can have little or no significance. 

The standardization of starvation stocks has been discussed in an 
earlier paper (5), and it need only be said here that the methods of stand- 
ardization described have been followed with all material used in these 
experiments, in order that all animals of a given lot should be as nearly 
as possible alike, not only as regards size and nutritive condition, but 
as regards the occurrence of fission and regulation. 


THE INCREASE IN SUSCEPTIBILITY DURING STARVATION 


It may be stated at once that all experiments performed, twenty-two 
in number, each consisting of two or three lots of from three to five 
worms each in the same tube or small flask, show that susceptibility of 
ectoderm and body wall to lack of oxygen increases during starvation, 
at least up to four months, longer periods not having been used. Since 
the results are essentially the same in all cases, the differences being 
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merely differences in the degree of susceptibility, dependent on the 
conditions of different experiments, it is quite unnecessary to give data 
or graphs for all series. The following series show the character of 
the results and some of the differences under different experimental 
conditions. 


Series 708. Figure 1. 

Lot I. 3 animals 15 mm. Well fed. 

Lot II. 3 animals, originally 15 mm., starved 37 days. At time of experiment 
12 to 13 mm. 

Lot III. 3 animals, originally 15 mm., starved 99 days, now 7 mm. 

These three lots were sealed in a tube in 3 cc. of m/1000 NaOH in well water of 


low oxygen content. 


b 
Fig. 1 


The curves ab, cd, ef (fig. 1) show the susceptibility to lack of oxygen of lots 
I, II and III respectively in terms of loss of motor activity and the curves a’b’, 
c’d’ and e’f’ show the susceptibility in terms of disintegration. The broken line 
in the lower part of ab indicates that observations were concluded before all 
animals of this lot were entirely disintegrated. 

The fed animals of lot I are least susceptible, those of lot II, starved 37 days, 
much more susceptible and those of lot III, starved 99 days, most susceptible to 
lack of oxygen, both as regards loss of motor activity and disintegration. More- 
over, the relative susceptibilities of the different lots are very nearly the same in 
terms of loss of motor activity as in terms of disintegration. This is a perfectly 
characteristic series. With higher oxygen content, greater volume of water or 
lower alkalinity the susceptibility curves lie farther to the right and farther apart 
than in figure 1 but their relative positions are not greatly changed. 
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Series 614. Figure 2. 

Lots Ia,ILa. Each 3 animals, 25 mm., well fed. 

Lots Ib, IIb. Each 3 animals originally 25 mm.; starved 39 days and under- 
went fission once during starvation; length at time of experiment 12 to 14 mm. 

Lots I a and I b were sealed in one tube in 5 ec. NaOH m/3000 and lots II a and 
II b in another tube in 5 ec. NaOH m/2000, both slightly aerated. 

The curves in figure 2 show the susceptibilities in terms of disintegration as 
follows: ab lot I a; cd lot I b; ef lot Il a; gh lot II b. In both pairs of lots the 
animals starved 39 days are far more susceptible than the well-fed animals. 

Since the two pairs of lots were in two different tubes, they are perhaps not 
strictly comparable, although, except as regards concentration of NaOH, condi- 
tions in the two tubes must have been very nearly identical, both containing the 


Fig. 2 


same number of worms of the same two sizes and the same nutritive conditions 
in the same volume of water. Figure 2 shows that the susceptibility in NaOH 
m/2000 (curves ef, gh) is somewhat greater than in NaOH m/3000. While slight 
differences in weight, physiological condition, oxygen consumption or oxygen 
content may exist in the two tubes, the differences in susceptibility indicated by 
the differences in position of the two pairs of curves, is too great to be the result 
of such incidental differences and is undoubtedly due, at least in large part, to the 
difference in concentration of NaOH in the two tubes, the susceptibility being 
greater in the higher concentration. Other series have given similar results. 

Series 715. Figure 3. 

Lot I. Posterior halves of animals originally 25mm. Starved 59 days; under- 
went regulation to whole animals during early stages of starvation; at time of ex- 
periments 8 to 9 mm. 
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Lot II. Posterior halves of animals originally 25 mm. Starved 121 days; un- 
derwent regulation to whole animals during early stages of starvation; at time of 
experiment 4 to 5 mm. 

The two lots of three animals each were placed together in a tube in 2 cc. of low 
oxygen water made up approximately to NaOH m/500 withas little exposure to air 
as possible and containing 1/150,000 phenolsulphonephthalein. 

Curve ab of figure 3 shows the disintegration of lot I, curve cd that of lot II, 
the more advanced stage of starvation being the more susceptible. The high 
susceptibility of both lots is due to the high concentration of NaOH. This con- 
centration, m/500, was not lethal for animals from the same stocks as the experi- 
mental animals in a tube open toair. In this experiment the animals died from 
lack of oxygen before the pH had fallen below 8.6. 


ca 


Fig. 3 


Series 737. Figure 4. 

Lot I. Four animals 16 mm., well fed. 

Lot II. Four animals originally 16 mm., starved 18 days; not appreciably 
reduced in length. 

Both lots together in a tube in 7 ec. water containing 1/150,000 phenolsulphone- 
phthalein, but no alkali; water aerated; pH at beginning 7.9. 

The curve ab in figure 4 shows the disintegration of lot I, the fed animals, 
curve cd that of lot II, the animals starved 18 days. As in other experiments the 
susceptibility of the starved is greater than that of the fed animals. Since no 
alkali was added in this series and the water contained considerable oxygen, it 
became distinctly acid, pH 6.0, before all the animals died. Under these condi- 
tions the susceptibility of both lots is less and the difference between the two lots 
greater than in water with very low oxygen content or with higher alkalinity. 
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The point of chief interest, however, is that,even with the short starvation period 
of eighteen days and with no appreciable decrease in size, the susceptibility of the 
starved animals is distinctly higher than that of the fed animals which represent 
as nearly as possible the condition at the beginning of starvation. 


DIFFERENCES IN SUSCEPTIBILITY TO LACK OF OXYGEN BETWEEN YOUNG 
AND OLD ANIMALS 


It has been shown elsewhere that susceptibility to KNC and rate of 
CO, production decrease in Planaria with advancing physiological age 
and that starving animals show changes in the opposite direction (3), 
(4), (5), i.e., according to these criteria of physiological age the starving 
animals become younger. The data of the preceding section show that 
susceptibility to lack of oxygen increases during starvation and in order 
to determine whether in this respect also the starving animals undergo 
changes in the opposite direction fgom those of progressive develop- 
ment and advancing age, it is necessary to determine what changes in 
susceptibility to lack of oxygen occur in relation to age in well-fed 
growing animals. 

Comparative determinations of susceptibility to lack of oxygen in 
animals of different age have been made many times and by different 
persons in this laboratory, the experiment having been used in labora- 


tory classwork. In these experiments where all animals are well fed, 


size of animals is used as the most satisfactory criterion of physiological 
age, for the larger animal has undergone more growth and if a progres- 
sive senescence occurs in the species, the larger animal must be physi- 
ologically older than the smaller. In all experiments with well-fed ani- 
mals, the smaller younger individuals are more susceptible to lack of 
oxygen than the larger and older. Graphs of a few characteristic 
experiments are given in figure 5. 


Series 665. 

Lot I. 5animals,25mm. Lot II. 5 animals, 6 to7 mm. 

Both lots from well-fed laboratory stock together in 125 cc. of slightly aerated 
water. Curve ab shows susceptibility of lot I, the old animals, curve cd that of 
lot II, the young animals. The long survival times, 65 hours for lot I and 31 
hours for lot II, are due to the large volume of water. 

Series 664. 

Lot I. 5 animals, 20 to25 mm. Lot II. 5 animals, 7 mm. 

Both lots from well-fed laboratory stock, together in 125 cc. of low oxygen 
water made up to NaOH m/2000 with as little exposure to air as possible. Curve 
ef shows susceptibility of lot I, curve gh that of lot II. 

Series 751. 
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Lot I. 5animals,18 mm. Lot II. 5 animals, 7 mm 

Both lots from a stock freshly collected in midwinter and fed only three times 
in the laboratory. Such worms contain less nutritive reserves than animals 
which have been a long time in the laboratory. Both lots together in 5 cc. of 
water made up to NaOH m/750 and slightly aerated. Curve ij shows suscepti- 
bility of lot I, curve kl that of lot II. 

Series 754. 

Lot I. 5animals,20mm. LotII. 5 animals, 5 mm. 

From same stock as preceding series. Both together in 3 cc. of low oxygen 
water. Curve mn shows susceptibility of lot I, curve op that cf lot Il 


a 


Fig. 5 


In these four series the ages compared, the volume, oxygen content 
and alkalinity of the water differ, consequently only the two curves of 
each pair are comparable, but in all series the younger animals are dis- 
tinctly more susceptible to lack of oxygen than the older, though the 
actual susceptibility and the degree of difference differ with the condi- 
tions. There can be no doubt that this difference in susceptibility to 
lack of oxygen between animals of different size and therefore of dif- 
ferent physiological age, indicates a real difference in physiological con- 
dition. Moreover, since these data make it clear that susceptibility to 
lack of oxygen decreases with advancing age and since it was shown in 
the preceding section that susceptibility to lack of oxygen increases 
during starvation, it is evident that the changes during starvation are 
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opposite in direction to those during growth and progressive develop- 
ment, i.e., as regards susceptibility to lack of oxygen, the starving ani- 
mals become progressively younger. 


COMPARISON OF STARVED AND FED ANIMALS OF THE SAME SIZE 


The starving animals decrease in size and it is of interest to deter- 
mine how the rate of increase in susceptibility to lack of oxygen com- 
pares with the rate of decrease in size. To obtain evidence on this peint 
the starved, reduced animals are compared with well-fed, growing ani- 
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mals of approximately the same size. Only five experiments of this sort 
have been performed, but the results are the same in all cases, the 
starved animals being somewhat more susceptible than the young fed 
animals. The data of three series are given. 


Series 755. Figure 6. 

Lot I. 3 animals, starved 42 days. Reduced from 8 mm. to 5 mm. 

Lot II. 3 animals from well-fed laboratory stock; 6 mm. (smallest of stock). 

Both lots together in 4 cc. of low oxygen water. Curve ab, figure 6, shows sus- 
ceptibility of lot I, curve cd that of lot II. Here the fed worms of lot II were 
slightly larger than the starved animals of lot I. 

Series 757. Figure 7. 


\ 


416 Cc. M. CHILD 


Lot I. 3 animals, starved 42 days. Reduced from 8 mm. to 5 mm. 

Lot II. 3 animals from well-fed laboratory stock; 5 mm. 

Both together in 3 ec. low oxygen water. Curve ab, lot I; curve cd, lot IT. 
Series 761. Figure 8. 

Lot I. 3 animals, starved 79 days. Reduced from 10 to 12 mm. to 4 mm. 

Lot II. 3 animals from freshly collected stock fed three times in the labora- 


tory; 4 mm. 
Together in 3 cc. low oxygen water; Curve ab, lot 1; curve cd, lot II. 


In all three series the higher susceptibility of the starved worms is 
evident: the differences in the three are dependent upon the differences 
in size and nutritive condition of the fed, as compared with the starved 
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animals and upon differences in volume and oxygen content of the water, 
possibly also to some extent upon the stage of starvation (see p. 403). 
Although in the earlier work on susceptibility to KNC attention was 
not particularly directed to this point, it was noted that the suscepti- 
bility of starved animals was frequently somewhat higher than that of 
fed animals of the same size (3, p. 483), and one series is given here. 


Series 657 III. Figure 9. 

Lot I. 10 worms, starved 81 days. Reduced from 10-12 mm. to 5-4 mm. 

Lot Il. 10 worms, well-fed;5 to6mm. From freshly collected stock. 

Curve ab, figure 9, shows the susceptibility of lot I, curve cd that of lot II to 
KNC m/1000. 
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With the method and scale of graphing, which is the same as that of 
the preceding figures, the differences in susceptibility appear to be 
slight, but actually the susceptibility of the starved worms is only about 
75 per cent that of the fed animals of the same size. Similar differences 
have been observed in many other KNC series, but they seem to occur 
more frequently when the animals were of medium size at the begin- 
ning of starvation than when they were very large. It is possible that 
in the extreme stages of starvation which occur when very large animals 
are reduced by starvation to small size, the increase in susceptibility 
does not keep pace with the decrease in size, but further work is neces- 
sary to settle this point. It is certainly true that animals after one to 
three months of starvation are very commonly more susceptible to KNC 
and in all cases thus far observed are more susceptible to lack of oxygen 
than fed, growing animals of the same size. 


CONCLUSION 


The experimental data demonstrate that during starvation suscepti- 
bility to lack of oxygen increases, at least in ectoderm and body wall, 
the method not being suitable for determining conditions in the ali- 
mentary tract. This increase in susceptibility parallels very closely the 


increase in susceptibility to KNC which occurs during starvation. In 
both KNC and lack of oxygen it is primarily susceptibility of ectoderm 
and body wall that is determined, though in KNC the susceptibility of 
the alimentary tract may be roughly determined as differing either 
more or less from that of ectoderm and body wall (5, p. 253). The data 
on CO, production, however, represent CO: production of the alimen- 
tary tract as well as that of ectoderm and body wall, and it has been 
pointed out (5) that the decrease in CO: production during the earlier 
stages of starvation is very largely, if not wholly due to the decrease in 
metabolic activity of the alimentary tract in the absence of food. In 
the later stages of starvation even the total CO, production increases. 

The data on susceptibility to lack of oxygen constitute a further con- 
tribution to the problem of starvation. The experiments with animals 
of different age show that susceptibility to KNC (3), (4) and lack of 
oxygen and rate of COz production (5) decrease with advancing age, and 
Doctor Hyman has found that oxygen consumption also decreases dur- 
ing senescence. In short, all the evidence indicates that susceptibility 
to lack of oxygen in fed, growing animals varies directly with rate of 
oxidation. In starving animals susceptibility to KNC and to lack of 
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oxygen increases, CO. production also increases, except for the initial 
decrease noted above, and Doctor Hyman’s work shows that oxygen 
consumption also increases after an initial decrease due to the same 
factor as the decrease in CO, production. 

The only logical conclusion on the basis of all the evidence is that the 
rate of oxidation increases during starvation, in ectoderm and body wall 
from the beginning and in the alimentary tract in later stages after the 
initial decrease due to decreased functional activity. If this conclu- 
sion is correct, susceptibility to lack of oxygen is, as might be expected, 
in some degree a measure of rate of oxidation in ectoderm and body wall. 

The only other possibility as regards the starving animals is that cer- 
tain oxidative reactions which require a higher oxygen concentration 
than those characteristic of fed, growing animals, occur in increasing 
proportion as starvation advances, but there is at present no evidence 
in favor of this hypothesis. Apparently the sta:ving planarian oxidizes 
its own substance with increasing rapidity as starvation advances and 
the products of metabolism accumulated during growth and progres- 
sive development are broken down and removed. The inactive ali- 
mentary tract undergoes atrophy and resorption more rapidly than ec- 
toderm, body wall and nervous system and undoubtedly constitutes the 
chief source of nutrition for the other functionally active organs after 
the reserves are exhausted. As regards the rate of its fundamental 
metabolic reactions, the starving animal unquestionably becomes pro- 
gressively younger, and when it is again fed after a period of starvation, 
it is in essentially the same physiological condition, as regards suscepti- 
bility to KNC (8), (4) and lack of oxygen, rate of CO production (5) 
and oxygen consumption (Hyman), as well as rate of growth, as a fed, 
growing animal of the same size. If feeding is continued, such an ani- 
mal passes again through the progressive stages of the life history of 
the species from the point at which feeding began. The experimental 
data on the effect of feeding after starvation have not yet been pre- 
sented in detail and must be reserved for another paper. 


SUMMARY 


1. Susceptibility of ectoderm and body wall of Planaria dorotocephala 
to lack of oxygen, as measured either by loss of motility or by disinte- 
gration, increases progressively during starvation, up to at least four 
months. 
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2. The susceptibility to lack of oxygen of the animal reduced by star- 
vation is about the same as, or slightly higher than that of a fed, growing 
animal of the same size. 

3. The change in susceptibility to lack of oxygen during starvation 
is in the opposite direction from that which occurs during growth and 
progressive development in fed animals, and in the light of the facts al- 
ready at hand concerning CO: production, oxygen consumption and sus- 
ceptibility to KNC, must be considered as evidence of an increase in 
rate of oxidation during starvation. 
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INTRODUCTION 


A review of the literature concerning the réle of what has been desig- 
nated “‘rate of metabolism”’ in senescence, rejuvenescence and gradi- 
ents along the body axes in lower animals ((1) to (9) and other refer- 


ences there cited), will show that little or nothing is known which is 
based on direct quantitative measurements of metabolism in the ani- 
mals concerned. It has been assumed that relative susceptibility of an 
organism to the toxic action of potassium cyanide and other substances 
is a measure of rate of metabolism or rate of oxidation. This assump- 
tion has been used extensively as the basis for inferences regarding the 
metabolism in Planaria and other animals. The only attempts to 
measure the metabolism in these forms by methods which do not in- 
volve assumptions are certain tests reported by Child, (3, pp. 422, 434; 4, 
pp. 73, 161, 202) of carbon dioxide production by Planaria in Tashiro’s 
“biometer.”’ These estimations were few in number, comparative 
not strictly quantitative, and we cannot judge from the account how 
carefully they were controlled. The purpose of the present paper is to 
present quantitative information regarding the oxidations in Planaria 
in relation to starvation and feeding, increase in size of the body, and 
regeneration; and secondly, to compare these results with the reported 
differences in the susceptibility of Planaria to potassium cyanide. 

The term metabolism is commonly used in animal calorimetry to 
refer to the decomposition of organic compounds (total katabolism) 

420 


| 

| 


STUDIES ON RESPIRATORY METABOLISM IN PLANARIA $2] 


yielding energy. It may be considered either from the standpoint of 
the quantities of the different foodstuffs decomposed and the complete- 
ness of this decomposition or from the standpoint of the quantities of 
energy yielded. The latter basis is used for expressing metabolism in 
a single quantitative term. Lusk, for example, says with regard to the 
“exact measurement of the metabolism”’: 


Thus heat may become a measure of the total activity of the body. It is de- 
rived from the total metabolism and must be dependent on it and be a measure of 
it (10, p. 32). 


From this standpoint the oxidations are considered important as a 
source of energy and as a measure of the energy production. The term 
“rate of metabolism” seems to be used in this sense in some of the ref- 
erences on senescence and axial gradient, especially where studies of 
the metabolism of man and mammals are quoted (e.g., (4, pp. 63, 65, 
271-273, 297-298) ). The following statements seem to imply this 
meaning of the term. 


There can be no doubt that the rate of metabolism or, more specifically, of oxi- 
dations inther:e animals increases during the course of starvation (3, p. 435 

It has been shown that a relation exists between susceptibility and metabolic 
activity, more specifically the oxidations or energy-freeing reactions (6, p. 50). 


It is not certain, however, that the term is always used in the litera- 
ture concerning ‘“‘rate of metabolism” as equivalent to the rate of 
oxidations or of energy production. A distinction seems to be drawn 
between them in accordance with the following statement: 


While oxidations are fundamental metabolic reactions, and serve in a general 
way as a measure of metabolic activity, a considerable range of variation in the 
different reactions which go to make up the metabolic complex may undoubtedly 
exist (4, p. 72). 


A fact which must be kept in mind in using the term metabolism is 
that while energy transformation in the cell may be large, the corre- 
sponding quantity of material transformed may be small. This is 
true of respiratory metabolism, while on the other hand in a large num- 
ber of metabolic processes the quantity of material being transformed is 
relatively very large while the energy change is hardly measurable. 
As pointed out by Lund (11, p. 168): 
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It is very doubtful if the rate of oxidations as measured by carbon dioxide pro- 
duction or oxygen consumption can even approximately! be used as a measure of 
the rate of total metabolism (either of matter or energy’) in a cell, for it has never 
been shown that the speed of such processes as hydrolyses and changes in colloidal 
constitution are correlated to the speed of oxygen consumption or carbon dioxide 
production. 


Furthermore, these processes are of a reversible character and mat- 
ter and energy may pass through them repeatedly before appearing in 
the external exchanges of the animal. It is evident from these consid- 
erations that the terms metabolism and rate of metabolism may be and 
are used in different senses. On the one hand they may refer strictly 
to the rate of oxidations or more generally to the rate of energy produc- 
tion as measured by oxygen consumption, carbon dioxide production or 
heat liberation. On the other hand they may refer in a loose way to 
the rate of all metabolic processes, involving the complications just 
mentioned. These two usages are by no means equivalent. It is of 
vital importance to any profitable discussion of the rate of metabolism 
in organisms that it shall be clearly understood precisely what is under 
discussion. This matter cannot be over-emphasized. It is not a ques- 
tion of quibbling over the propriety of one definition as contrasted with 
another, which is a very unessential matter. But it is extremely im- 
portant that there shall not be ambiguity as to meaning at any given 
point, and that an unconscious and unwarranted translation of fact into 
inference shall not be made. Statements regarding the rate of metabo- 
lism may be true when the term means one thing while the same state- 
ments may be untrue when the term means something else. If an es- 
tablished fact regarding the rate of metabolism in one sense is used as 
the basis for an inference regarding the rate of metabolism in a different 
sense, then great care must be exercised that the inference does not be- 
come confused with the fact. The present paper is concerned with 
the rate of metabolism in the sense of rate of energy production, with the 
usual qualifications concerning errors in the different methods of direct 
and indirect calorimetry, and of the possibility of other sources of en- 
ergy than that represented by the respiratory exchange (see Krogh, 
(12), chap. i). This statement is made for the purpose of avoiding 
any ambiguity, and of guarding against the reading into the discus- 
sions of more than is intended. 


‘ Italics and parenthesis mine. 
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METHODS 


Two species of Planaria, P. maculata and P. agilis,* were used in the 
experiments reported in this paper. The general method for determin- 
ing the amount of oxygen consumed was to place worms in a bottle of 
tap water of known content of dissolved oxygen for a stated period of 
time, and then to remove the worms and analyze the water by the 
Winkler method for the amount of oxygen remaining. A large carboy 
was filled with tap water and stirred to make sure that the amount of 
dissolved oxygen was uniform throughout. The bottles used in an ex- 
periment were filled in rapid succession, and the average of the analy- 
ses of three or four blanks containing no worms during the experi- 
ment was taken to represent the amount of oxygen in each of the ex- 
perimental bottles at the beginning of the experiment. All bottles 
were of the same capacity, 132 cc. During analysis the amount of 
water displaced by the 2 cc. of reagents added is lost. As explained in 
a previous paper (13, p. 98) removing worms at the end of a test may 
remove enough water to make it difficult to close bottles after adding 
the reagents without leaving air bubbles. This can be prevented by 
adding more reagents or by inserting a glass rod of known volume. In 
the experiments summarized in tables 3, 4, 5, 6, 8, 12 and 13 the re- 
agents were diluted with an equal volume of distilled water and 2 cc. 
instead of 1 cc. of each were used. In the other experiments, glass rods 
of 2 cc. volume were used. The latter method appears preferable al- 
though it is unnecessary, if the worms in a single bottle are not too 
numerous and do not cling too firmly to the glass. The experimental 
methods are described in more detail in the previous paper. It was 
shown in that paper (13, table 1) that when 28 bottles were filled with 
aerated tap water and analyzed at once, the maximum difference be- 
tween individual analyses did not exceed 0.08 cc. thiosulphate. In the 
experiments reported previously 15 sets of three or four blanks were 
analyzed. In no case was the maximum difference between duplicate 
analyses greater than 0.06 ec. thiosulphate. For the experiments re- 
ported in the present paper 37 sets of blanks were analyzed. In one 
case a difference of 0.12 cc. thiosulphate was noted between duplicate 
analyses, but this was apparently an error in the reading. In only one 
other instance did the maximum difference amount to so much as 0.09 
ec. thiosulphate. For all the experiments of both papers the average 


2 I am indebted to Dr. Ruth Higley for verifying the identification of these 


species. 


423 


424 GEORGE DELWIN ALLEN 


difference beteen the maximum and the minimum analyses in a series 
of blanks was 0.046 ec. thiosulphate. One drop of thiosulphate from 
the burette used averages 0.06 cc. in volume. (Titrations were made 
in a porcelain dish.) These figures therefore indicate the limits of ex- 
perimental error in the method used and enable one to form a judgment 
of the accuracy of the data presented in the tables and curves. 

The methods of weighing worms have not been described. In the 
earlier experiments reported in this paper, worms were removed indi- 
vidually to a glass plate in a drop of water, the excess water was ab- 
sorbed with filter paper and the worm was transferred by means of a 
probe to a moistened filter paper in a weighing dish. All of the worms 
which were together in the same bottle in a respiration test were weighed 
at once, not individually. The error from evaporation was found to 
average 0.0005 gram. In later experiments a better method was fol- 
lowed. All the individuals from one bottle were transferred in a drop 
of water to a glass cover slip, the excess water was absorbed with filter 
paper, and the cover slip was dropped quickly into a weighing bottle 
half filled with water. When a weighing bottle with a well-ground 
stopper was used, the error from evaporation was only 0.0002 gram and 
was much less variable than in the earlier method. These average 
errors were added to the observed weight in each case. 

In order to test the limits of error in the method just described, a 
single set of worms was weighed repeatedly, as shown in table 1. The 
worms were weighed three times in rapid succession, and then were al- 
lowed to rest undisturbed for a few hours before the next series of weigh- 
ings. It appeared at once that the first determination in a series was 
always highest and that the later ones were successively lower. The 
difference between the first and the third weight was sometimes over 6 
per cent. This apparent loss was not permanent, however. After 
each period of rest the first weight was considerably higher than the 
last, and almost as high as the first weight of the preceding series. 
Figure 1 shows these relations graphically. These peculiar results are 
due, probably, to differences in the amount and character of the mucus. 
At the moment when excess water is removed from the group of worms 
on the cover slip, thicker mucus will retain more water; and since care 
must be exercised not to injure worms by excessive drying, they can- 
not safely be freed entirely from mucus. Figure 1 shows that the first 
weights of the different sets make a very regular series decreasing with 
time and starvation, in which individual variation did not reach 2 per 
cent. In order to weigh worms under uniform conditions in experi- 
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ments, all sets were left undisturbed under dark cloth for some time, 
each set in a separate dish of water, and each set was taken for weighing 
with as little disturbance to the others as possible. 

In experiments extending over a considerable period of time, the 
worms were weighed at intervals and the weights were plotted on a 
graph as in figure 2. The weight of each lot of worms at the middle of 


TABLE 1 


Showing variation among successive weights of a set of Planaria agilis. Five large 
worms were weighed three times in rapid succession, then were left undisturbed for 
several hours under dark cloth and were weighed again as before, etc. 


DATE | TIME W EIGHT 


0294 
0283 
0281 


0292 
0284 


0275 


0285 
0278 
0271 


0276 
0271 


0265 


0272 
0267 
0259 


0258 
0256 
O251 


the test period was read off from the graph and taken as the average 
weight during the test. Figure 2 shows the weight curves for the 
worms of table 7. These worms were undergoing starvation and pro- 
gressive decrease in size during the experiment. Inspection of the 
curves shows that the maximum error in individual weights was not 
over 3 per cent. Inspection of all the weight curves of the experiments 
in this paper shows that individual variations rarely exceeded 6 per cent. 
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10.50 a.m. 0 
11.24 a.m. 0 
1.30 p.m. 0 | 
2.02 p.m. 
4.44 p.m. 0 
5.12 p.m. 0 
8.41 a.m. 0 | 
9.17 a.m. 0 
4.28 p.m 0 
4.52 p.m. 0 
9.19 a.m. 0 ' 
July 4....... 9.34 a.m 0 
9.48 a.m 0 
| 
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In the case of figure 2 and table 7, none of the worms had to be dis- 
carded because of fission or accidental injury. In some other cases, 
worms underwent fission during the experiment. Such a worm was 
removed at once and a new weight was obtained. In later experiments, 
substitutes were kept ready for replacing such individuals. The sub- 
stitutes were treated like the worms in the experiment except that their 
oxygen consumption was not measured unless they took the place of 
worms in experimental bottles. 


= 
<x 


6.a.m. 6pm 6am. 6pm. 6am. 


JULY 2 3 4 


Fig. 1. Showing variation in successive weights of the same set of Planaria 
agilis. Abscissas, time in 6-hour periods. Ordinates, weight in grams. Solid 
line connects the first weights of successive series. See table 1. 


During the experiments summarized in tables 7, 9 and 14, the respi- 
ration bottles were immersed in a water bath within a constant tem- 
perature oven at 20°C. Other experiments were carried out at the 
same temperature in a constant temperature bath. 

The test periods were relatively long and the number of worms in each 
bottle was small. The worms of tables 7, 9 and 14, spent most of the 
time for six weeks in the respiration bottles. The results represent, there- 
fore, almost continuous measurement of their metabolism through that 
period, and may be taken as the ‘normal metabolism”’ as the term is 
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used by Krogh (12, p. 116). They do not represent rigidly “standard 
metabolism” (Krogh, (12), chap. iv) or ‘basal metabolism” of other 
authors, because locomotion was not absolutely eliminated, but when 
Planaria are left undisturbed for several hours they remain at rest for 
most of the time so that experimental periods of long duration approach 
nearly to the conditions for “standard metabolism” (see (13), table9). 

In all experiments at least three parallel determinations upon differ- 
ent worms of the same history have been made. Along with the aver- 
age result, the individual determinations are also given to show the 
range of variation among them. 


” 
=> 


§ 12 
JULY AUG. PT 
Fig. 2. Curves show decrease in weight of three sets of Planariaagilis of 5 
worms each, during 9 weeks of starvation. Abscissas, time in weeks indicated by 
dates. Ordinates, total weight of 5 worms in grams. See table 7. 


OXIDATIONS DURING STARVATION 


The rate of metabolism of man and other higher vertebrates falls 
during the early stages of starvation. Johansson, Landergren, Sonden 
and Tigerstedt (14) found a decline from 33.15 to 31.20 calories per 
kilo during the first three days of starvation in man. .The heat produc- 
tion during the third to fifth days inclusive remained constant. Among 
the numerous experiments of Benedict upon The influence of inanition on 
metabolism (15), are three of four days’ duration, a fourth of five days’ 
and a fifth of seven days’ duration. In general they show a fall in the 
heat production during these periods, whether it is calculated per unit 


x. 
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of weight or of surface, although in most cases the determinations for 
the first day were lower than those for the two or even three days follow- 
ing. This fall in heat production during the first few days of starvation 
is probably due to disappearance of food reserves. 

The best observations on man show that metabolism remains fairly 
constant during prolonged starvation, when calculated per unit of 
weight or of surface. Lehman, Mueller, Munk, Senator and Zuntz (16) 
found the respiratory metabolism of Cetti, the professional faster, to 
remain practically uniform during a fast of 11 days, when calculated 
per.unit of body weight. In Benedict’s very complete study of the 
metabolism in a man starving for 31 days (17), both the respiratory 
metabolism and the heat liberation, when calculated either per unit of 
weight or of surface, fell to a practically constant level. Benedict con- 
cluded that there was a tendency for the metabolism to divide into 
three periods: the first period, extending nearly to the middle of the 
fast, being characterized by a rapidly falling metabolism; the second 
period, of approximately ten days, showing a comparatively constant 
metabolism, and the third period, the last week of the fast, showing a 
general tendency toward an increase (17, pp. 372, 384, 391). The ten- 
dency for metabolism to increase during later starvation was slight 
and of doubtful significance. 

Zuntz (18) reports for a dog living for a year in a state of under- 
* nutrition, that the heat production, calculated either per unit of weight 
or surface, fell almost continuously till the eleventh month and rose 
sharply in the twelfth month toward the end of life. On the other hand 
Benedict (17, p. 355) quotes experiments by Awrorow on the metab- 
olism of dogs starving for 44 days and 61 days respectively which show a 
sharp fall in the rate of heat production per unit weight during the first 
few days, i.e., from about 60 to 48 calories, followed by a gradual rise 
to a level somewhat above the original, i.e., to 60 to 72 calories, just 
before a premortal fall. 

Warm-blooded animals, however, with their regulatory mechanisms 
may present special conditions as regards metabolism during starva- 
tion. Turning to the cold-blooded animals, the heat liberated by starv- 
ing frogs per cubic centimeter of frog was found by Hill (19) to decrease 
during the first two weeks to a practically constant level during the next 
two weeks. Brunow (20) found a fall in respiratory metabolism in the 
crayfish during prolonged starvation. A knowledge of the rate of oxi- 
dations in Planaria during inanition would add materially to our limited 
information upon this subject in the cold-blooded animals. 
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During the first few days of starvation in Planaria, as in other ani- 
mals, there is a decrease in the rate of oxidations probably due to the 
diminishing effects of the residual food reserves from the last of the 
feedings. Table 2 gives a comparison of the rates of oxygen consump- 
tion by two lots of worms measured simultaneously, one lot fed daily 


TABLE 2 


Showing that Planaria agilis after three weeks starvation have a lower rate of oxygen 
consumption than unstarved worms of the same size. Worms of medium size with 
short tail because of recent fission; 9 individuals in each bottle. ‘‘Well-fed worms”’ 
were fed beef liver daily, missing an occasional day, up to the day before the test. 
“Starved worms’”’ were well fed up to 22 days before the experiment. Tempera- 
ture 20.4° C. One cubic centimeter thiosulphate equals 0.1711 cc. oxygen at N. T. 
P. Test period 12 hours. Weighed once within 8 hours after the test 


BLANKS (NO WORMS PRESENT) 


cc. thio average 
25 

4.30 4.26 
24 


.26 


I. WELL-FED (STARVED | DAY) | Il, STARVED 3 WEEKS 


(1) é (4) 


Oxygen | | | Oxygen 

| y » Oxyge 

| consumed Weis Bottle | consumed 

| by the 9 |} worms in| tion per by the 9 worms in| tion per 

| | each gram per | each gram per 

| bottle bottle | 24 hours | bottle bottle 24 hours 


thio. grams orygen 
0.0821 
69 | 0.0784 
0.0692 
0.0740 
| 0.0755 
| 0.0830 


| ec. thio. | | ce. ce 
| 1.17 | 0.0709 | 
| 1.11 | 0.0723 | 
0.99 | 0.0626 | 
1.03 | 0.0694 | 


1.06 | 0.0636 | 


| 


1.16 | 0.0740 | 


nog 


~ 


uo 


| 
| 
| 


Average | 1.09 | 0.0688! 5. | 0.0770 


up to the day before the experiment and the other lot starving for three 
weeks previous to the test. The worms were of approximately the 
same weight. The well-fed worms absorbed 1.09 cc. thiosulphate 
equivalent of oxygen in 12 hours while the worms starved for three 
weeks absorbed only 0.69 cc. thiosulphate equivalent of oxygen. Cal- 


PART BOTTLE ee 
f 1 
2 
3 
q 4 4 
5 6 
1 
2 
| 3 
B 4 
5 | 7 5 ( 
6 4 6 ( 
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culated per gram of body weight, the well-fed worms consumed 5.4 
ec. of oxygen per 24 hours and the worms starved for three weeks only 
3.1 cc. 

After the first few days of starvation of Planaria, during which the 
food reserves from the last feedings are effective in increasing the oxi- 
dations, the oxygen consumption per unit of weight remains practically 
constant for a long period of time. Table 3 shows a comparison be- 
tween Planaria starved for 63 days and others starved for 7 days. The 
former worms, during the first four days in the laboratory, underwent 
natural fission, because of their large size and the sudden deprival of 
food. Only the anterior pieces were used in the experiment. They 
measured 10 to 13 mm. in length. At the time of the respiration deter- 
minations, these were reduced in length to 7 to 8mm. The second lot 
of worms starved for only a little over 7 days, were 14 to 19 mm. long 
at the time of the test. Three successive tests were made. The worms 
were weighed before the first test and after the last test and the aver- 
age weight during each period was determined by interpolation, as ex- 
plained in the section on methods. In each of the three tests the worms 
after long starvation and those after short starvation absorbed the same 
amounts of oxygen per gram body weight per 24 hours. While the 
worms of shorter starvation period were in this laboratory for only six 
days before the comparisons with those worms which were in the lab- 
oratory for 62 days, there was no reason for supposing that they were 
different from the first lot at the beginning of the starvation period, ex- 
cept that they did not undergo fission. The results of this experiment 
are confirmed by those of later experiments, tables 4, 5, 6 and 7, in 
which worms were under continuous observation during the starvation 
period. 

For determining the effects of size, feeding and regeneration upon the 
oxidations, the rate of oxidation during starvation is the proper stand- 
ard of reference. All such experiments reported in this paper have 
been controlled by simultaneous determinations of the oxygen consump- 
tion by normal, starving worms, and the continuous observations on 
these controls give a picture of the course of the oxidations during pro- 
longed starvation. These observations are given in tables 4, 5, 6 and 
7. Since the effects of previous feeding were to be avoided in the ex- 
periments for which these worms were controls, the worms were starved 
for several days before beginning observations. 

In the experiment recorded in table 4, Planaria maculata that had 
been starving for several weeks were observed for 34 days during which 
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Showing that Planaria agilis after 63 days of starvation have the same rate of oxry- 


gen consumption as worms starved for only 7 days. The former worms underwent 
natural fission 62 to 59 days previous to the first test, because of their large size and 
sudden removal of food. The anterior pieces from this fission, measuring 10 to 13 
mm. in length 59 days before the first test were reduced in length to 7 or 8 mm. at 
the time of the first test; 10 worms in each bottle. The worms of shert starvation 
period measured 14 to 19 mm. in length; 5 worms in each bottle. The lengths of the 
three successive tests were, in order, 49, 49 and 46.25 hours. Temperature 20° 
C. plus or minus 0.15° C., except a temporary fall to 16° C., during the third test, 
which accounts for the low values in column 10. One cubic centimeter thiosul phate 
equals 0.1710 cc. oxygen at N. T. P. Worms weighed before the first test and 
after the third, and the average weight during each period determined by inter- 
polation. 


FIRST TEST SECOND TEST THIRD TEST 


Blanks Blanks Blanks 


SET 


ec. thio. | average 0. average average 
| 2! 4.26 
54 


Blanks (no | 


| worms present) | 


OXYGEN CONSUMED | 


GRAM | 
GRAM 


WORMS 


H BOTTLE 


CONSU MP- | 
WORMS | 


PER 
24 HOURS 


> 


CONSU MP- 


PER 


4 HOURS 
4 HOURS 


THE 
9 
THE 


BY THE WORMS IN | 


EACH BOTTLE 
IN EACH BOTTLE 


BY 
WORMS 
BOTTLE 
TION 
PER 
BY 

IN EAC 
PER 


© 
= 
= 
2 
Zz 


OXYGEN CONSUMED 


OXYGEN 
OXYGEN 


| OXYGEN CONSUMED 
WEIGHT 


At end of 7 days star- At end of 9 days star- At end of 11 days star- 
vation vation vation 


cc 
cc. thio.) grams | cc. thio.) grams thio grams 
oxzygen ozyge? orygen 


60 0.0318, 4.3 | 1.53 0.0304) 4.3 | 1.13 0.0290 | 3.6 
68 10.0332} 4.4 | 1.52 0.0311) 4.2 | 1.02*0.0244*| °.8 
.76 (0.0399) 3.8 | 1.66 (0.0384) 3.7 | 1.41 0.0369 | 3.5 


1,68 |0.0350| 4.1 | 1.57 |0.03833| 4.1 | 1.19 \0.0301 | 3.6 


At end of 63 daysstar- | At end of 65 days star- At end of 67 days star- 
vation vation vation 


.57 0.0116, 4.: 52 '0.0110, 4.1 0.42 0.0104 
57 (0.0132) 0.0123, 4.4 | 0.49 0.0115 
.62 (0.0126) 58 (0.0120) 4.2 | 0.46 0.0113 


\| || Average ..| 0.59 |0.0125| 4. 57 |0.0118| 4 0.46 0.0111 


*4 worms. 


1 
9 
A 
3 
4 ‘7 4.44 4.24 
(1) (2) (3) | (4) (5) (6 7 S 4 (10 
| 
2 5} 1 
| 3 § 1 
B Avene... 
l 10 | 0 37 
2 10 | 0 3.9 
II 3 10 | 0 3.7 
| 
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time 12 tests of the oxygen consumption were made, each of about 46 
hours’ duration. Column 6 shows a steady decline in the average 
amount of oxygen consumed by the 8 worms in each bottle from 0.195 
to 0.037 cc. per 24 hours. In figure 4 the oxygen consumption by the 
worms during the 34 days of observation, is shown as the control for a 


TABLE 4 


Showing rate of oxygen consumption by Planaria maculata during starvation. 
Worms starving for several weeks preceding first test and during the experiment; 8 
worms in each bottle. One cubic centimeter thiosulphate equals 0.1766 cc. oxygen 
atN.T.P. Worms weighed November 20, 27, December 1, 4, 11, 18,25. Average 
weight for each test period determined by interpolation. Control for table 8. See 
figures 4 and & 


| (8) (9) (10) | (11) 


| 


OXYGEN CONSUMED PER 
| GRAM BODY WEIGHT 
PER 24 HOURS 


AVERAGE | 
AVERAGE 


DATE OF TEST | 


AVERAGE OF 4} 


BOTTLES 
| WEIGHT OF THE 8 WORMS IN 


Individual determi- | 
nations 


8 WORMS IN EACH BOTTLE 


8 WORMS IN EACH BOTTLE. 
PER 24 HOURS. 


a 
= 
& 
a 
& 
= 
& 
Zz 
~ 


TEMPERATURE 
EACH BOTTLE, 
or 3 BOTTLES 


ENT). 
AVERAGE OF 3 BOTTLES 
| OXYGEN CONSUMED BY THE | 


| BLANKS (NO WORMS PRES- | 
OXYGEN CONSUMED BY THE 


ce. | 
cc. ce. cc. | ce. | 
- Iy- 
thio. jorygen| ozygen| oxygen 


gen) | gen 
November 20-22... ./46.17| 19.8-20.3) 4.58) 1.1110. 105/0.0152) 


hours 


| 5.56.1 |9.0(?) 6.9 
November 24-26... .|48.00} 20:0-20.6| 4.47) 6.2 
December 1- 3..../45.92} 20.0-20.3| 4.55] [5.9 |7.0 
December 4- 6..../46.15/20.0+00.1) 4.29) (6. 16.9 
December 6- 8....|46.13| 20.0-20.2} 4.02) 5 
December 8-10... .|46.00} 19.8-20.1| 4.10} 0.640.061/0.0089/6.5|7.2 6.8 
December 11-13... .|46.17| 20.1-20.3) 4. 6.7 
December 13-15... .|46.25| 20.0-20.2| 4.21| |s.8 
December 15-17... .|46.05} 20.0-20.3} 4. | 8.0 
December 18-20... 20.0-20.3] 4.25) [7.0 |7.0 
December 20-22. .. .|46.05| 20.3-18.7| 4.31]  |8.2 
December 22-24... .|51.23| 19.9-20.1} 4.34) 


feeding experiment. Column 7, table 4, shows a similar loss of average 
weight from 0.0152 to 0.0054 gram per 8 worms. Column 11 shows a 
fairly uniform rate of oxygen consumption of 6.5 to 7.0 cc. per gram 
weight during the 34 days of starvation. These last figures are repre- 
sented graphically in figure 5. Columns 8, 9 and 10 show the varia- 
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tion in determinations of the individual bottles which indicates the 
limits of error in the experiment. 

Table 5 gives similar observations upon starving Planaria maculata 
during a period of 27 days. The worms were starved 15 days previous 


Showing rate of oxygen consumption by Planaria maculata during stari 
Worms 10 to 13 mm. in length on January 8; starving for 15 days previous to the 
first test and during the experiment; 8 worms in each bottle. Weighed January 12, 
14, 15, February 5 and 13. One cubic centimeter thiosulphate equals 0.1698 cc. 
oxygen at N.T.P. See figure 9. For further data on control, see table 12 


(3 (4) 5 6 (7 8 Q 


or 4 


OXYGEN CONSUMED PER 
GRAM BODY WEIGHT 
PER 24 HOURS 


AVERAGE 


DATE OF TEST TEMPERATURE 


AVERAGE 


Individual determi- | Aver- 
nations age 


EACH BOTTLE 


BOTTLES 


BLANKS (NO WORMS PRES- 
ENT). 


WEIGHT OF THE 8 WORMS IN 


LENGTH OF TEST PERIOD 


OXYGEN CONSUN 
AVERAGE OF 3 BC 


cc cc. ce cc cc 
thio. orygen orygen | orygen ozrygen 


January 37| 19.9-20.1 4.20) 1.200.0249| 4.5 | 5.0 | 4.9 | 4 
January 15-17......./42.66) 20.0 1.20,0.0229) 5.2 | 4.9 | 5.2) 6 

19.9-20.1 32, 1.050.0214 4.6 | 4.6 | 5.1 
(20.6)* 


hours grams 


January 


{19.9-20.1 0.98.0.0205 
(20.3)* | 

January 0.81,0.0194 

{19.9-20.0) 4.18) 0.83.0.0185 
(19.0)* 


January 20- 


January 


January 26-28......./45. | 4. 0.800.0175 


February 5-9........|94: 16.7-22.6 8 1.180.0114 


*For a short time. 


to the experiment. The average rate of oxygen consumption per gram 
body weight, column 10, was less uniform in this case. The data of 
column 10 are represented in figure 9, as the control for an experiment 
in which worms were cut in two and allowed to regenerate. It may be 
seen that the curves representing the rates of oxygen consumption by 
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anterior pieces and posterior pieces parallel the irregularities in the curve 
of the normal worms, indicating some common factor or factors, prob- 
ably other than the stage of starvation, affecting all worms simultane- 
ously. Table 6 and figure 10 record results of respiration tests on Pla- 
naria maculata during 24 days of starvation. The worms were starv- 
ing for 4 days preceding the experiment. These again were control 


TABLE 6 


Showing rate of oxygen consumption by Planaria maculata during starvation. 
Worms 7 to 10 mm. long February 25; starving for 5 days preceding the first test 
and during the experiment; 10 worms in each bottle. Weighed March 2, 5, 11, 12, 
18, 30. One cubic centimeter thiosulphate = 0.1698 cc. oxygen at N.T.P. See 
figure 10. For further data on controls, see table 13 


(1) | (5) 


| 
| 


OXYGEN CONSUMED 
| PER GRAM BODY WEIGHT 
PER 24 HOURS 


AVERAGE 


LENGTH| 
oF | 
TEST 

PERIOD 


DATE OF TEST TEMPERATURE | 


Individual 
determinations 


AVERAGE OF 4 BOTTLES 
WORMS IN EACH BOTTLE. 


AVERAGE OF 3 BOTTLES 


EACH BOTTLE, 


BLANKS (NO WORMS PRESENT). 


OXYGEN CONSUMED BY THE 10 
WEIGHT OF THE 10 WORMS IN 


| cc. | os. ee. 
joxzygen|orygen oxrygen'\o 


March 2- 4........| 41.40) 20.0-20.5 | 4. .79:0.0160) 5.3 | 5.0 | 4. 
March 5- 7........| 45.00) .0-20.2 | 4.48) 0.7710.0149) 4.8 | 4.8) 4 
March {20.0-20.2 | 4.54) 0.730.0136) 5.1 | 4.5 | 4.6 
| \ (20.5)* 

March 45.65) 20.0-20.4 | 4.56) 0.7410.0123} 5. 
March 12-14........| 46.38) 20.1-20.5 | 4.65) 0.610.0106) 
March 14-16 3.16) 20.0-20.5 | 4. 
March 16-18........| 45.00) 20.1-20.6 | 4.68) 0.55,0.0087) 
March 19-21........| 42.90} 20.0- | 4.62) 0.37.0.0076) 
March 21-29......../191.09| 20.0-20.5 | 4.47) 1.53:0.0062/ 6 


> 
3 


grams 


| 


oo 


n Gv 


uo 
oe OF 


*For a short time. 


data for an experiment in regeneration and again the experimental 
worms showed individual fluctuations paralleling those of the control. 

The experiment recorded in table 7 was the last and most complete 
series of continuous observations upon starvation. These worms, 
Planaria agilis, were starved for 7 days before the beginning of the 
experiment. Three determinations a week were made for six weeks 


| 
| 
| 
| | (7) | @&) (9) (10) 
| 
| age 
‘ ony = ce cc 
| 5.0 
4.8 
4.8 
4 
| 6.6 
5.2 
5.6 
5.9 
4.8 
| 
| 
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TABLE 7 


Showing uniform rate of oxygen consumption by Planaria agilis during starvation 
Worms 16 to 17 mm. long July 5; 5 worms in each bottle; starving for 7 days pre- 
ceding the first test and during the experiment. July 6 to 19, 1 cc. thiosulphate = 
0.1768 cc. oxrygenatN.T.P. July 20 to August 16, 1 cc. thiosulphate = 0.17651 
cc. oxygen at N.T.P. Worms weighed weekly, namely July 5, 13, 19, 26, August 
2, 9, 16, 22, 31 and September 6. See figures 2, 3,6,7 and 11. For further data 
on controls, see table 9 


(1) 


OXYGEN CONBU MPTION 
PER GRAM BODY WEIGHT 
PER 24 HOURS 


BOTTLE 


AVERAGE 


AVERAGE 


EACH BOTTLE. | 


'MED BY THE 5 


EACH 


DATE OF TEST 


Individual 
determinations 


| OXYGEN CONSUMED BY THE « 


LENGTH OF TEST PERIOD 
AVERAGE OF 4 BOTTLES 
AVERAGE OF 3 BOTTLES 
PER 24 HOURS. 

EACH BOTTLE 


WORMS IN 


BLANKS (NO WORMS PRESENT). 
WORMS IN 


TEMPERATURE 
| WEIGHT OF THE 5 WORMS IN | 


| OXYGEN CONBIt 


cc cc cc ec cc ce 
h grame 
thio thio ozygen orygen orygen\orygen 


July 6- 5.15 '22.0-20.0) 3.68)1.5:i 150 |0.0401 | 3 

July 3.08 20.0-19.6) 4.09)1.38 141 \0.0387 | 3. 
July 10-12... 45 .25'20.4-19.9) 4.28)1.38 0.134 0.0874 | 3.! 
July 13-15... .. . 45.75 /20.2-19.4) 3.96)1. .121 10.0355 | 3 

July 15- 20.5-18.8) 3.85)1 .116 0.0344 
July 20 9.2) 3.811 .111 \0.0332 
July 20-2: 2.25 19.6-20.0| 3.791 104 0.0313 
July 22-24... 3.50 20 9.7) 3.80)1. .102 \0.0300 
July 24-26. ..... |4: 9.7-20.0| 3.63'0.92 |0.095 (0.0287 
July 27-29. ..... 9. 3.790 089 \0.0269 
July 29-31. .....|4¢ 9.6-19.8) 3.550.! .084 \0.0259 
July 31-August 2 |4 3.96.0.8 085 0.0249 
August 3- 5.. 5.25 '19.6-19.9) 3.92.0.8: .079 \0.0235 
August 5- 7... . |4 3-20.0) 3.79:0.79 0.076 \0.0226 
August 7- 9....|45 20.7) 3.93)0.8: .080 \0.0216 
August 10-12... . 45.4: -19.6) 3.730. .067 0.0204 
August 12-14... . 45.3: 3.84.0.68 |0.065 0.0196 
August 14-16... . 9.6-19.7 4.020.66 |0.063 0.0188 


w 


we 


Ww oo Ww 


~ 


Core we 
~2 % C COD CH 


ww w w 


w 


to 


September 8-10/45.27 4.4410.77*0.073* 
September 10-12!45.00/20.4-20.0) 
September 12-14|45.00/19.7- 4.39.0.63*|0.060* 0.0144* 3.83.33.75.0 


*Ten worms in each bottle. 
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without interruption. During this time the average consumption per 
5 worms per 24 hours decreased from 0.150 to 0.063 ec. oxygen, i.e., to 
about 40 per cent of the original. The average weight fell, also, dur- 
ing this time from 0.0401 to 0.0188 gram per 5 worms. ‘The fall in oxy- 
gen consumption followed very closely, therefore, the loss in weight. 
This is shown graphically in figure 3 where the average amounts of oxy- 
gen consumed are plotted along with the average weights. In general 
the two curves parallel each other but the curves of oxygen consump- 
tion show a greater initial decline, probably representing the remnant 
of the great fall in oxidations of the earliest stages of starvation due to 
residual food. When the oxygen consumption per gram weight is cal- 
culated, as in table 7, column 11, it is found to be practically constant 
at about 3.25 to 3.5 ec. after the first week. This is shown graphically 
in figure 7, where these worms served as the control for an experiment 
in feeding. The unusual rise on August 7 to 9, figure 7, was thought to be 
due to disturbing changes in the composition of the tap water. Similar 
irregularities have been noted in several experiments, under conditions 
which seem to point to the composition of the tap water as the cause. 
After an interruption of three weeks, the determinations of oxygen con- 
sumption were resumed. Since the worms had become very small, they 
were redistributed in the bottles and more individuals were added from 
reserve stock so as to make 10 in each bottle. These reserve worms had 
the same history as the others. The oxygen consumption per gram 
weight of body showed a marked rise over previous determinations. It 
averaged 4.6, 4.5 and 4.2 cc. per 24 hours in three tests. At the same 
time it was found that worms were beginning to die. They were very 
susceptible to injury in the manipulations of weighing and analysis. 
This interfered with continued observation of the rate of oxygen con- 
sumption and it was considered that the abnormal conditions of the 
worms at this time made the observed rise in oxidations of doubtful 
significance. 

Regarding tables 4, 5, 6 and 7, it should be said that they are given 
in the order in which the experiments were performed. In the last 
experiment the procedure and manipulations were naturally better so 
that the results are more uniform. The last experiment was of longer 
duration, also, and the Planaria agilis, which were used in this case, 
were found generally more satisfactory for such experiments than 
Planaria maculata. 

From all the above observations on starvation in Planaria, we con- 
clude that the actual consumption of oxygen at constant temperature 
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of 20°C. falls continuously throughout the period of starvation, at first 
more rapidly, and later more slowly. The body weight also decreases 
continuously during starvation, figure 3. On the other hand, the ory- 
gen consumption per gram body weight (rate of oxidations) falls during 
a short period of the first few days of starvation, due probably to resid- 
ual food, and then becomes uniform for a long period thereafter. 
During this long period of uniform rate of oxidations the worms may 
undergo reduction to one-half or less of their original weight. This 
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Fig. 3. Curves show decrease in oxygen consumption by Planaria agilis com- 
pared with decrease in weight during 6 weeks of starvation. Abscissas, time in 
weeks indicated by dates. Ordinates at the left, weight of 5 worms in grams. 
Ordinates at the right, oxygen consumption by 5 worms per 24 hours in cc. oxygen. 
Broken line represents average weight of three sets of worms weighed once a 
week. Solid line represents average oxygen consumption by the same three sets 


of worms, three tests made each week. See table 7 and figure 2. 


distinction between the early period of a few days of starvation, during 
which food reserves from the last feedings are effective in increasing 
oxygen consumption, and the later period of several weeks, during which 
the rate of oxidations is uniform, is very important. In the first place, 
the fact that the rate of oxidations is uniform during a long period of 
starvation (6 weeks) will serve as an important basis for the study of 
respiratory metabolism in these forms. In the second place, the fact 
that food reserves alter the respiratory metabolism for several days at 
the beginning of starvation makes this period unsuited for such studies. 
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According to the experiments above and those in the following section 
on oxidations after feeding, this preliminary period during which food 
reserves alter the respiratory metabolism may last for a number of days 
in P. maculata and P. agilis. In any case before the ‘‘basal”’ or “‘ standard 
metabolism”’ has been reached, the rate of oxidations is not a proper basis 
for comparisons. 

The respiratory metabolism during extreme starvation, when the 
body has been reduced to a minute fraction of the original weight by 
starvation alone unaccompanied by fission, has not been studied, and 
the statements above are not intended to include such later stages. 


OXIDATIONS AFTER FEEDING 


It is well known that the ingestion of food results in increased oxida- 
tions and heat production in higher animals. Planaria can take in at 
one meal a very large amount of suitable food material, such as boiled 
egg yolk, clotted blood or beef liver. Several experiments show that 
such a meal results in a great increase in the oxygen consumption. 
Table 8 shows an experiment in which P. maculata were fed clotted 
blood. Columns 4 and 5 give the oxygen consumption of the control 
worms which were starving throughout the experiment. The control is 
described in more detail in table 4. The experimental worms were fed 
blood clots on December 3. Column 7, table 8, shows that the actual 
amount of oxygen absorbed, which was decreasing progressively before 
feeding, doubled in the first test following the meal, then declined rap- 
idly, and later more slowly. Figure 4 shows these relations. Column 
8, table 8, shows that the worms ingested about 60 per cent of their 
own weight at this meal. When the rate of oxygen consumption per 
gram body weight was calculated as in-column 12, it was found to rise 
suddenly from 6.7 to 9.6 cc. oxygen per gram weight and then to fall 
rapidly to its former level and to remain fairly constant as shown in 
figure 5. In this calculation the food in the digestive tract is included 
in the total body weight, thus making the rate of oxygen consumption 
appear less than its true value. If the weight of food is subtracted from 
the total body weight for the first test period following the meal, the 
rate of oxygen absorption per gram of empty body weight becomes 
16.5 cc., as shown in table 8, column 12. Upon this basis of calculation, 
then, the ingestion of food resulted in an immediate increase in the rate 
of oxygen consumption of over 140 per cent. 
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Table 9 gives similar data for an experiment in which P. agilis were 
fed beef liver. Data for the control worms, which were starving through- 
out the experiment, are given in columns 4 and 5, and more fully in 
table 7. After feeding upon liver, July 20, the amount of oxygen ab- 
sorbed by the experimental worms increased from 0.096 to 0.167 cc. 
per 5 worms per 24 hours, column 7, table 9. The body weight in- 
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Fig. 4. Curves show decrease in oxygen consumption by starving Planaria 
maculata, and increase in oxygen consumption after feeding. Abscissas, time in 
weeks indicated by dates. Ordinates, cc. oxygen consumed by 8 worms in 24 
hours. Broken line represents average of three sets of worms, starving through- 
out the experiment. Solid line represents average of three sets of worms, fed once 
on December 3. The arrow indicates when the experimental worms were fed. 
See table 8. 


creased from 0.0276 to 0.0353 gram per 5 worms and the rate of oxygen 
consumption per gram of total body weight, including the ingested 
food, increased from 3.5 to 4.7 ec., column 12. Deducting the weight 
of food, the rate of oxygen consumption per gram of empty body weight 
becomes 6.4 ec. for the first test after feeding, an increase of over 80 
per cent. These relations are shown graphically in figures 6and7. In- 
spection of these curves shows that the oxidations rise suddenly with 


q 
we 
| 0.14 
4 0.12 
2 0.10 
~ 
0.08 ~ > 
0.06 
ys 
0.04 
0.02 
0.0 
27 4 18 25 
DEC. 
| 
4 
i 


STUDIES ON RESPIRATORY METABOLISM IN PLANARIA $4] 


the taking in of food and decline rapidly during the next week or ten 
days to a constant level. In figure 6, the curve of the absolute amount 
of oxygen consumed by the experimental worms ran parallel to the con- 
trol for two weeks preceding the meal. After feeding, it rose sharply, 
then declined rapidly during the next 10 to 12 days, and then contin- 
ued parallel with the control, but at a relatively higher position. This 
might indicate one of two things, either that the meal had resulted in a 
certain amount of growth so that the animals which were formerly 
smaller than the controls became slightly larger, or that the meal re- 
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Fig. 5. Curves show practically constant rate of oxygen consumption by Pla- 
naria maculata during starvation and increase in rate of oxygen consumption af- 
ter feeding. Abscissas represent time in weeks indicated by dates. Ordinates 
represent rate of oxygen consumption in ec. of oxygen per gram totat body weight 
per 24 hours. Broken line represents the average of three sets of worms starving 
throughout the experiment. Solid line represents the average of three sets of 
worms fed once on December 3 (time of feeding indicated by the arrow rep- 
resents the rate of oxygen consumption by fed worms in ec. oxygen per gram 
empty body weight (weight of body if no food had been ingested) per 24 hours 
See table 8 and figure 4. 


sulted in a permanent increase in the speed of oxidations. Figure7 
and tables 9 and 7 indicate that the former interpretation is correct. 
A comparison of the average weights given in table 9, column 8, and 
table 7, column 7, shows that the experimental worms did weigh less 
than the control worms during the two weeks before the feeding, but 
that after feeding they did not become reduced again to the weight of 
the controls. Moreover, figure 7 shows that after August 1 the rate 
of oxygen consumption by the two lots of worms per gram total body 
weight ran parallel for 15 days, or till the end of the experiment. 


THE AMERICAN JOURNAL OF PHYSIOLOGY, VOL. 49, NO. 3 


16 
/ 
/ 
> 12 / 
/ 


ALLEN 


DELWIN 


GEORGE 


uabAro 


| 


| 


02 Aine jooq po} 


 |«(69¢0°0) 


$180°0 
68800 
86800 
£980°0 


4$1°0 
491°0 


| 
| Fe 
6's 
6's 


uabAro 


rE 
| 
L¢ 


| 


9480°0 | 
£880°0 
86800 
L180°0 


960°0 
660°0 
9010 


| 


—| 


| 680°0 
| $60°0 


0 
9IL 
FET 0 
ost 


uabfxo | uabAro *29 


61-F 02 

‘61-Z 

02 

'61-0'02 

0° 02-0 
“Deo 


00 SF 
00° SP 
GZ 
80° 
SI 


sanoy 


[ENPLApuy 


sinoy Jed yy 


Apoq 19d ues 


| |-30q UT) -30q Yove 
|SULIOM ¢ 84} 

| 


“sunoy 
Jed 


“sanoy 
Jed 
Ul SULIOM 

| ¢ 943 Aq 


Ul SULIOM 
¢ Aq 


wea pag 

-dunsuoo | 243 44 

uaBAxg 


“LNG 


| aw | @ | | 


"06 fine feaq paf 


DIONM 
HDOOUNL ONIAUVIS 
SAHOM TOHLNOD 


aL 


aomad 
40 
HLIONGI 


Ayne 
Aine 
Ajne 
Ajne 
Aine 
Aine 


40 


z) 


2190} 998 UO Log pun g saunby asnbiny 07 0g Aine 
ayoydjnsory) 219QNI 07.9 fine N 10 = 


nN Ty 


‘gl ‘g wsnbny ‘98 ‘06 ‘eI ‘eI ‘8 ‘9 Ajowpu ‘fijzyaan paybia 
‘291109 ur g £489) ay) shop sof poof ynoyzun 


*paf jou susom 


ig “ww 07 suso yy 1901) Burpaas fq uoydwnsuos uabhixo ay) ur aspasour Burinoygs 


6 


442 
| 
=) | | | 
| | | 
| 
| | wnrnor 
| +H 
Nw 
ra 
| | } | 
| 
| } 
| | | 
| 
—| | 
| S528 
| 
| 
| = | | | 
| 
| | 
eass 
AA 
= 
| 
| | - 
> | | 
AN 
i 
| 
i 


TABOLISM IN PLANARIA 


} | | 
0610°0 | 290°0 ‘0 £90°0 : 
} | 


4080°0 | 890°0 190°0 | 


0s¢0'0 | 080°0 | 920°0 ysnany 
| $80°0 | 640°0 ¢-g ysnsny 


2 
© 
< 
Nn 
= 
Z 
a 
=) 


443 
| | 
| 
| No | 
| +H 
| mot Oo win w | 
| | 
| | 
| 
| 
| 
| 
i 
| 
| 
| 
| 
| 
| 
| 
| | 
| 
| | 
| 
| 
i 


444 GEORGE DELWIN ALLEN 


It is evident, therefore, that a single feeding increases the oxidations 
in Planaria by 80 to 140 per cent and that this increase disappears 
during the first 10 to 12 days of starvation, the rate of oxidations falling 
sharply at first and then more slowly to reach a constant level. This 
result explains why the oxidations in well-fed worms decrease during 
the first stages of starvation (see expers. 2 and 7 and figs. 3 and 7). 
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Fig. 6. Curves show decrease in oxygen consumption by Planaria agilis during 
starvation and increase after feeding. Abscissas represent time in weeks, indi- 
cated by dates. Ordinates represent cc. oxygen consumed by 5 worms per 24 
hours. Broken line represents the average of three sets of worms starving 
throughout the experiment. Solid line represents the average of three sets of 
worms fed once on July 20 (time of feeding indicated by the arrow). See table 9. 


OXIDATIONS IN WORMS OF DIFFERENT SIZE 


The rate of respiratory metabolism or heat production in higher ani- 
mals is commonly said to decrease with increasing size and age of the 
body. It is obvious that a larger animal will use more oxygen, give off 
more carbon dioxide and liberate more heat than a smaller animal of 
the same species under the same conditions. In order to make any 
comparison of the rates of respiratory exchange or heat production in 
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the two animals, it is necessary to calculate the respiratory metabolism 
with reference to some common basis such as a unit of weight or surface 
area. It is understood that such comparisons should be made under 
standard cqnditions of a, fasting; b, uniform temperature; and c, mus- 
cular rest. But it should be distinctly kept in mind that when animals 
of different size and age are compared in this way a difference in the 
rates of respiratory metabolism may or may not mean that comparable 
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Fig. 7. Curves show constant rate of oxygen consumption by Planaria agilis 
during starvation and increase in rate of oxygen consumption after feeding. 
Abscissas represent time in weeks, indicated by dates. Ordinates represent rate 
of oxygen consumption in cc. oxygen per gram total body weight per 24 hours. 
Broken line represents the average of three sets of worms starving throughout 
the experiment. The solid line represents the average of three sets of worms fed 
once on July 20 (time of feeding indicated by the arrow). * represents the rate 
of oxygen consumption by the fed worms in cc. oxygen per gram empty body 
weight (weight of body if no food had been ingested) per 24 hours. See table 9 
and figure 6. 


cells in the two animals have inherently different rates of oxidation. 
Different opinions are held regarding the cellular rates of oxidation in 
these cases (see Benedict, 22). The observation is merely that the 
total amounts of heat produced are not proportional to the weights or 
surface areas of the animals. 

It is well known that among warm-blood animals the smaller animal 
produces more heat in proportion to its weight than the larger individual. 
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Various authors since Rubner (21) have presented evidence that the re- 
spiratory metabolism of warm-blooded animals, at least, is proportional 
to the area of the surface of the body. The respiratory metabolism is 
often calculated per unit of body surface with the idea of eliminating size 
differences when other factors are being compared. Why the heat pro- 
duction should be proportional to the area of the skin is not entirely clear. 
In a general way, the proportionality between the rate of heat produc- 
tion and the area of the radiating surface is of adaptive value to ani- 
mals which must maintain constant body temperature, but this consid- 
eration does not explain what mechanism regulates the rate of energy 
production in the individual. Apparently it is not simply an accommo- 
dation of the heat production to the rate of heat loss (see Krogh (13, 
pp. 133-140) and Lusk (10, p. 120) ). Benedict (22), (23) has ob- 
jected to the practice of computing metabolism in terms of the unit of 
surface and has collected data from a large number of normal controls 
in human metabolism experiments to show that metabolism, calculated 
per unit of area of the body surface, gives large variations. Some of 
the variation, may be traced, apparently, to errors in the prevailing 
method of estimating the surface area. The area of the surface of an 
animal is not easily measured. It is usually estimated from the weight 
by means of the formula of Meeh (24) which is based on the law that 
surfaces of similar solids are proportional to the two-thirds power of their 
volumes. The bodies of fat and thin persons are not geometrically 
similar, however, and this formula is known to give large errors in com- 
puting the skin areas in such cases. Upon the basis of careful meas- 
urements of the areas of the skin of individuals of very different propor- 
tions, Du Bois and Du Bois (25), (26), have derived a “‘linear’” and a 
‘“‘height-weight”’ formula which give the surface area with a maximum 
error of only 5 per cent in contrast with the average error of 16 per cent 
and a maximum error of 36 per cent with the Meeh formula. The 
metabolism seems to be more nearly proportional to the skin area as 
computed with the new formula than with the older one (27). Among 
adult mammals, then, the individual of smaller size produces more heat 
in proportion to its weight than the larger individual, and whatever 
may be the reason, the amount of the difference seems to be in accord- 
ance with the “‘surfacelaw.”’ This is true of the persons of the same age. 

When individuals of different ages are compared, the difference in the 
rate of heat production per unit of weight does not seem to follow the 
surface law so closely. The rate of heat production per square meter 
of surface is higher in youth and lower in old age than in middle life (28), 
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(29), (27) and (10, p. 128). On the other hand the metabolism of in- 
fants per square meter is less than that of older children. That of 
babies in the first month of life is lowest (12, p. 117); (30), (31), (82), 
(29, charts 1 to 3). But Bohr’s (33) measurements of the respiratory 
exchanges of pregnant guinea pigs with circulation through the umbilical 
cord suspended, indicate a rate of oxidations in the embryo per unit of 
weight not far different from that of the parent. Bohr and Hasselbalch 
(34) found that the carbon dioxide production by the developing chick 
embryo from the ninth to the eighteenth days was closely proportional 
to the weight of the embryo. These observations upon infants and em- 
bryos serve to emphasize the fact that the interpretation of differences in 
rate of respiratory metabolism in warm-blooded animals in relation to 
size and age, whether calculated per unit of surface or of weight, in- 
volves questions of the constitution and functional conditions of the 
body. While the metabolism studies on warm-blooded animals are 
commonly cited to show that the rate of oxidations is higher in animals 
of smaller size and in younger animals, as a matter of fact the warm 
blooded animals are very unsuited to the critical study of these 
questions. 

Turning to the cold-blooded animals, observations on the rate of respi- 
ratory metabolism in relation to size and age are very inadequate. It 
may be noted at the outset that there is no reason for supposing that 
metabolism in these animals, of widely different structural organization, 
should follow the “surface law.’’ It has been shown definitely by 
Morgulis (36) that this relationship does not exist in the flounder. He 
finds, rather, that as size of the body increases, the oxygen consump- 
tion per unit of body surface increases, and that per unit of body 
weight decreases, while after removal of the fins the oxygen consump- 
tion is proportional to the mass. Buytendijk (quoted by Montuori 
(35, p. 216)) and Montuori (35, p. 216) both report that Secyllium of 
smaller size consume more oxygen per kilogram hour than those of 
larger size. 

Observations on the rate of respiratory metabolism in invertebrates 
in relation to size and age are conflicting but this may be due to unsat- 
isfactory experimental methods. Buytendijk (as quoted by Mon- 
tuori (35, p. 216) ) measured the oxygen consumption by Scorpaena, 
Octopus and Echinus in relation te body size, and Montuori (35) at- 
tempted a survey of these relations in 80 different kinds of marine ani- 
mals belonging to the coelenterates, echinoderms, worms, crustaceans 
and fish. In the determinations on some species, the oxygen consump- 
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tion per unit of weight was greater in the animals of smaller size than 
in those of larger size. In other series the reverse relationship was re- 
corded, and in still other series the results were highly variable. These 
results may mean that standard conditions were not maintained in all 
cases, that the individuals compared were not strictly comparable or 
that in some cases the forms chosen were unsuited in behavior and respir- 
atory habits to the solution of the question. Each species would re- 
quire more critical individual study to determine the reasons for the 
irregularities. The conclusion of Montuori that ‘‘the consumption of 
oxygen, calculated per unit of weight, is, in general, absolutely inde- 
pendent of the dimensions of the animal,” hardly seems justified from 
such highly variable determinations. The subject requires much more 
careful quantitative work under more, definitely controlled conditions 
than has hitherto been done, before any conclusions of general applica- 
tion can be drawn. Some forms of animals, because of inconstant be- 
havior, are quite unsuited as experimental material. 

Careful measurements of the rate of respiratory metabolism per unit 
of weight in lower cold-blooded animals have indicated, however, that 
there is a decrease in rate of oxidations as the size of the body in- 
creases. Bounhiol (37) found this relationship in the oxygen consump- 
tion of annelids of different size, and Miss Wolf, in this laboratory, has 
found it in the leech, crayfish, branchipus, May-fly nymph and Stone- 
fly nymph, under very conclusive experimental conditions. The num- 
ber of determinations, made by the writer, of the rate of oxygen con- 
sumption by Planaria in various kinds of experiments, makes it certain 
that consistent results can be obtained for this form with the methods 
used. Various incidental observations in the course of these experi- 
ments point to the fact that smaller worms absorb more oxygen in pro- 
portion to their weight than larger worms, and the following systematic 
experiments show it very clearly. 

Table 10 gives comparative measurements of the oxygen consump- 
tion by P. agilis of five different sizes. Planaria differ considerably in 
body proportions, the region posterior to the pharynx being much 
longer in some individuals than in others. To make worms as nearly 
uniform as possible, all except the smallest, set I, were cut at the plane 
of normal fission, a short distance posterior to the mouth. This was 
done,2! days before the determinations of oxygen consumption were 
made. All worms were without food for 22 days previous to the ex- 
periment. At the time of the respiration test, the worms of set I aver- 
aged 6.08 mm. in length, worms of set II, 8.4 mm., those of set III,11.8, 
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TABLE 10 


Showing decrease in the rate of oxygen consumption by Planaria agilis with increase 
in size of the body. Worms starving for 22 days preceding the experiment and dur- 
ing the experiment. Tails removed at the fission plane 21 days before the experi- 
ment of all sets except set I, the smallest worms. Test period of 24 hours’ duration. 
Temperature 19.6°C. + 0.01. Capacity of bottles 1380 cc. Correction for £ ce. of 
water displayed by rods and reagents, multiply by 1.082. One cubic centimeter 
thiosulphate = 0.1738 cc. oxygen at N. T. P. Worms weighed 6 hours after the 
test. See figure 8 


PART | SET | BOTTLE 


average 


Blanks 
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| 0.92 |0.2748 10.0832 
| 0.84 |0.2509)0. 2559/0 .0772\0.0769 
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1.04 10.4659) 0.1568 
1.08 \0.4838\0. 467410. 16030. 1561 
1.01 10.4525 0.1483 


149 
BLANKS 
1 4.17 
A 4 ‘| 2 4.18 4.18 
3 4.20 
(1) (2) 3) 4) 5 6 (7 8 ) 
f 1 | 6.03 
|| I ; 2 6.13 4.9 | 
|| q 3 6.08 
| 
1 | 84] 15 
II 2 8.4] 15 
3 8.4 15 
} 
|| 1 | 11.7| 10 3.6 
| 
B 2 |11.7| 10 3.7| 3.7 
3 | 10 3.8 
|| 
|| 1 6 3.3 
|| IV}| 2 | 14.0 6 3.3| 3.8 
|| 3 112.9) 6 3.4 
| | 
|| {| 1 4 3.0 
V4} 2 /17.9) 4 3.0| 3.0 
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those of a set IV, 13.9 mm. and those of set V, 17.7 mm., as shown in 
column 1. Length, however, is no satisfactory measure of size even 
though precautions are taken, as described above, to make the worms 
as nearly comparable as possible in body proportions. The weights, as 
given in columns 6 and 7, ranged from 0.0070 to 0.1551 gram per 10 
worms. The largest weighed twenty-two times as much as the small- 
est. Because of this great difference in size, the number of individuals 
in each bottle was varied so as to make the amounts of oxygen absorbed 
in each bottle nearly equivalent. The average amount of oxygen con- 
sumed per gram body weight per 24 hours decreased from 4.9 ec. in the 


WEIGHT 


= 
< 
Oo 


PER 


0.05 0.10 0.1 


GRAMS WEIGHT PER 10 WORMS 


Fig. 8. Curve shows decrease in rate of oxygen consumption by Planaria agilis 
with increase in size of the body. Abscissas represent weight per 10 worms in 
grams. Ordinates represent rate of oxygen consumption in cc. oxygen per gram 
body weight per 24 hours. Each point on the curve represents the average of 
three sets of worms. See table 10. 


smallest worms to 3.0 ec. in the largest. All worms were tested simul- 
taneously under identical conditions. Independent determinations were 
made for three different bottles of worms of each size, and column 8 
shows that, with one exception, there was no overlapping among the 
individual determinations. Set I, bottle 1, gave a very low value. 
The titration reading of thiosulphate, column 3, was only 0.33 ce. in 
this case. It should be remembered that a difference of one drop in 
titration would make a difference of 0.06 cc., and that titration values 
as small as this are less accurate than larger ones. This experiment 
shows, therefore, that the rate of oxidations decreased as the size of the 
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worms increased. These results are shown in figure 8 where the amount 
of oxygen consumed per gram body weight per 24 hours at 20°C. is plotted 
against body weight per 10 worms. This curve shows at a glance that 
the rate of oxidations decreases with increasing size, and that the de- 
crease in oxidations is not directly proportional to the increase in weight. 
Among smaller worms, these differences are greater than among larger 
worms. Most of the difference was between worms less than 0.08 
gram weight per 10 individuals. Worms of twice that size showed 
little further decrease in their oxidations. 

It might be thought that the differences in the rates of oxidations 
among Planaria of different sizes, recorded in table 10, might be due to 
differences in activity. Was there a graduated difference in activity 
among the worms of different sizes during the respiration test? This 
question was tested by removing the heads of worms of different sizes 
so as to eliminate practically all locomotion. Worms of three different 
sizes were used, table 11. Those of each size were divided into two sets 
of three bottles each. A control test was made in which all worms were 
uncut and normal. Columns 5 and 6 show that, in each case, the two 
sets of worms of the same size had the same rate of oxygen consump- 
tion, and that the differences between the different sizes confirm the 
previous experiment, table 10. Before the second test, table 11, the 
heads were removed from the worms in one set of each size. In this 
test the normal worms, column 10, duplicated the rates of oxygen con- 
sumption given in the previous control test, while the headless worms 
in each case used less oxygen, 85 to 90 per cent of the normal. In com- 
paring the headless worms of the three sizes, however, the size differences 
remain. The headless small worms used 3.9 cc. of oxygen per gram 
weight per 24 hours, the medium-sized worms, 3.3 cc., and the large 
worms, 2.8 ec. We conclude, therefore,. that the rate of oxidations in 
Planaria decreases with increasing total body weight, and that this de- 
crease is not accounted for by difference in locomotion. 

The worms of sets II, III and V of table 10 were used as sets II a, 
III a and V a, respectively, of table 11. Since the worms were weighed 
for each test, these experiments constitute, in reality, three independent 
determinations of the normal rate of oxygen consumption by these 
worms, in relation to size. The three determinations gave the same re- 
sults. The smaller worms used 4.5, 4.5 and 4.6 ec. of oxygen per gram 
body weight per 24 hours in the three determinations. The medium- 
sized worms used 3.7, 3.6 and 3.7 cc. of oxygen, and the larger 
worms 3.0, 3.1 and 3.1 ec. of oxygen, respectively, in the successive 
determinations. 
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While it is clear that larger Planaria use less oxygen in proportion to 
their weight than smaller ones, it is not certain that this difference is to 
be associated with age or senescence of protoplasm. In the case of 
man, it is commonly supposed that there is a decrease in the rate of 
oxidations, associated with age, apart from changes in the oxidations, 
which may be associated with alterations in the size of the body. Such 
a distinction is not apparent in the data concerning the rate of respira- 
tory metabolism in Planaria. It may be convenient to call a “full- 
grown” Planarian “old” in comparison with a “half-grown’’ individ- 
ual, but it should be remembered that Planaria of the species dealt with 
in this discussion, after they have attained the more or less variable maxi- 
mum size for the species, are not known to die of old age. Old age in 
man is not synonymous with the attainment of a maximum (“adult’’) 
body size. We have no evidence, as yet, that a Planarian of constant 
size becomes senescent or suffers a reduction in the rate of oxidations. 

The statement that the rate of oxidations per unit of body weight is 
higher in small Planaria than in larger ones of the same species, as- 
sumes that the worms are compared in the same condition of nutrition, 
namely that they have been starved long enough to pass the accelera- 
tive effects of previous feedings, and that the differences in size are not 
due to differences in length of starvation. Within the limits of the 
experiments which have been performed on starvation we have con- 
cluded that the rate of oxidations continues practically constant 
after the early stages. In figure 3, starving Planaria weighed 0.0720 
gram per 10 worms on July 12, by which time the accelerative effects 
of previous feeding had disappeared, and these same worms were 
reduced in weight to 0.0360 gram per 10 worms on August 16 at 
the end of the last respiration test. Figure 8 shows that worms of 
these two weights and of equal starvation differed in oxygen consump- 
tion by about 0.5 cc. oxygen per gram body weight per 24 hours. Such 
a change in the respiratory exchange of the starving worms was not 
found (see fig. 7). In this case the worms were reduced in weight to one- 
half of the original. The respiratory exchange in more extreme starva- 
tion, with reduction in size to a minute fraction of the original has not 
been studied. 


OXIDATIONS DURING REGENERATION 


The species of Planaria employed in these studies reproduce more 
commonly by agamic fission than by sexual processes. If the rate of 
oxidations decreases with increasing size of the bedy, as shown in the 
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preceding section, then it follows that it should increase with regenera- 
tion of small pieces of large worms into complete small worms. Nat- 
ural fission results in two pieces of very unequal size and character. 
The anterior piece is much larger and retains the old head and body as 
far back as a level just posterior to the mouth. After regeneration it 
’ is essentially the original parent with a shorter tail but with little change 
in other proportions. On the other hand, the posterior piece is much 
smaller amd undergoes profound reorganization into an animal with 
head and body of smaller proportions. Experiments show that the 
posterior piece undergoes considerable increase in rate of oxidations 
during regeneration while the anterior piece retains the original rate 
of oxidations of the parent practically unchanged. 

Table 12 records the results of a preliminary experiment in which P. 
maculata were cut at the normal fission plane and allowed to regenerate, 
the oxygen consumption of the anterior pieces, the posterior pieces and 
uncut control worms being followed for 24 days after the operation. 
Column 4 gives the oxygen consumption by the normal controls (see 
also table 5). In column 11 the average rate of oxygen consumption by 
the anterior pieces is seen to be almost equal to that of the normal con- 
trols throughout the period of regeneration. The rate of oxygen con- 
sumption by the posterior pieces, however, is considerably higher in 
each determination than that by the controls or that by the anterior 
pieces. These results are shown also in figure 9. 

In a second preliminary experiment, worms were cut just posterior 
to the auricles, and allowed to regenerate new heads. Under these con- 
ditions they were not much reduced in size during the regeneration of 
the new head. These worms were more comparable, therefore, to the 
anterior pieces of the preceding experiment than to the posterior pieces. 
Table 13 shows that the worms regenerating their heads maintained a 
rate of oxidation practically equal to that of control normal worms for the 
period of observation, 17 days. These results are shown also in figure 10. 

Table 14 and figure 11 give a more complete series of determinations 
of the oxygen consumption by P. agilis during two weeks preceding and 
four weeks following experimental fission. The rate of oxygen consump- 
tion per gram body weight per 24 hours of normal worms ran very uni- 
form throughout the experiment, column 4. These normal worms have 
been discussed in connection with table 7. The experimental worms 
duplicated very closely the rate of oxygen consumption by the controls 
during two weeks preceding the operation, table 14, column 11. After 


cutting the experimental worms in two at the normal fission plane, the 
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anterior pieces continued for four weeks to absorb the same amounts 
of oxygen per gram body weight as the controls, columns 11 and 4. 
The rate of oxygen absorption by the posterior pieces, however, rose 
gradually above the controls during regeneration. These posterior 
pieces reorganized during this period to form complete worms of smaller 
size than the controls or than the anterior pieces. The following notes 
indicate the progress of regeneration of the tail pieces. 


2 
> 
So 


Fig. 9. Curves show increase in the rate of oxygen consumption by Planaria 
maculata during regeneration of posterior pieces from experimental fission, and 
no increase, within the limits of error of the experiment, in the rate of oxygen 
consumption in anterior pieces. Abscissas represent time in weeks, indicated by 
dates. Ordinates represent the rate of oxygen consumption in cc. oxygen per 
gram body weight per 24 hours. The broken line represents the control, an aver- 
age of three sets of normal worms. The solid line represents the average of three 
sets of posterior pieces from experimental fission. The line of dashes represents 
the average of three sets of the anterior pieces from experimental fission of the 
same worms. Worms cut on January 15 (time of the operation indicated by the 
arrow). See table 12. 


July 20. Cut experimental worms across body a short distance posterior to 
the mouth. 

July 24. New head, wedge-shaped. Some locomotion after disturbance of 
dish. 

July 26. Auricles and eyes. Worms elongating. 
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July 29. Auricles well developed but not full length 
tothe nakedeye. Pigment appearing on head. 
tion rapid. 

August 2. Still white-headed. 

August §. Pigmentation of head still incomplete. 


Heads appear white 


Inactive till prodded. Locomo- 


Worms more elongated. 


TABLE 13 


Showing no increase, within the limits of error of the experiment, in the rate of oxy- 
gen consumption by Planaria maculata during regeneration of the head. Worms 
7 to 10 mm. long February 25; starving for 5 days preceding the first test and dur- 
ing the experiment; 10 worms in each bottle. Heads cut off from the experimental 
worms just posterior to the auricles March 12. Control worms not cut. Worms 
weighed March 2, 5, 11, 12, 18 and 30. One cubic centimeter thiosulphate = 0.1698 
cc. orygen at N.T.P. See figure 10. For further data on the controls, see table 6 
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The smaller individuals in a population of Planaria usually result from 
fission and regeneration. This experiment shows that during the proc- 
esses of regeneration the higher rate of oxidation characteristic of 
smaller worms is attained. If the respiration of these small worms 
during growth were followed, undoubtedly a progressive decline in rate 
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of oxygen consumption would be found as the animals became larger. 
It is not very convenient to follow the oxidations in the same worms 
during growth, but it seems unnecessary to do so. Worms of different 
sizes selected from a laboratory stock of the same history, except as re- 
gards reproduction, and tested simultaneously under identical condi- 
tions, give more certain results. Such experiments are described in the 
preceding section. 


2 
> 


MARCH 


Fig. 10. Curves show no increase, within the limits of error of the experi- 
ment, in the rate of oxygen consumption by Planaria maculata during regenera- 
tion of the head. Abscissas represent time in weeks, indicated by dates. Ordi- 
nates represent rate of oxygen consumption in ce. oxygen per gram total body 
weight per 24 hours. The broken line represents the control, an average of three 
sets of normal worms. The solid line represents the average of three sets of 
worms whose heads were cut off just posterior to the auricles on March 12 (time 
of the operation indicated by the arrow). See table 13. 


It should be clearly understood that these experiments upon regen- 
eration of Planaria are not advanced as evidence that the regeneration 
process, as such, or, more generally, that growth or morphogenesis, 
necessitates a higher rate of oxidation. In figure 11 the rate of oxygen 
consumption in the tails rose progressively during regeneration and did 
not show a fall with completion of the process. The higher rate at the 
end of the process is attributed to the new organization of the worm, 
i.e., to the result of the process, not to the process itself. At least the 
experimental data do not constitute a secure foundation for concluding 


otherwise. 
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STUDIES ON RESPIRATORY METABOLISM IN PLANARIA 


SUSCEPTIBILITY AS A MEASURE OF OXIDATIONS 


The susceptibility of Planaria and other animals to the toxic action of 
alcohol, potassium cyanide and other substances, in other words, the 
length of time the animals live in solutions of these substances, has 
been used extensively by Child, Hyman and others as a measure of 
the “rate of metabolism.” This practice has been based upon inade- 
quate knowledge either of the nature of the action of these toxic agents 


WEIGHT 


GRAM 


a 


Fig. 11. Curves show increase in the rate of oxygen consumption by Planaria 
agilis during regeneration of posterior pieces from experimental fission, and no 
increase, within the limits of error of the experiment, in the rate of oxygen con- 
sumption in the anterior pieces. Abscissas represent time in weeks, indicated by 
dates. Ordinates represent rate of oxygen consumption in cc. oxygen per gram 
total body weight per 24 hours. The broken line represents the control, the 
average of three sets of normal worms. The solid line represents the average of 
three sets of experimental worms before the cutting operation on July 20, and of 
the posterior pieces after that date. The line of dashes represents the average of 
the three sets of anterior pieces from the operation. The time of the operation is 
indicated by the arrow. See table 14. 


or of the parallelism between the susceptibility of animals and their 
“rate of metabolism.” The substances first used for this purpose 
were anesthetics and potassium cyanide, sometimes classed as an anes- 
thetic. It was supposed that these substances inhibit the oxidations, 
and they were spoken of as “depressing agents” (1, p. 571); (2, p. 150); 
(3, pp. 419, 420, 444); (4, p. 65); (8, p. 104). The effect of none of these 
substances upon the oxidations in Planaria or other animals upon which 


163 
4 
= 3 
2 
i. 
0 
$ 12 19 26 2 9 6 
JULY AUG. 


404 GEORGE DELWIN ALLEN 


they were used, was determined. The writer (13) has shown that po- 
tassium cyanide, the agent most used for the susceptibility studies, 
does inhibit oxygen consumption in Planaria, but it does not follow 
from this fact that the worms with higher rate of oxidation must be 
more susceptible to the cyanide, nor that those that are more susceptible 
to cyanide must have a higher rate of oxidations. Furthermore, many 
other substances of very different chemical nature and probably of 
very different physiological action have been used for determining sus- 
ceptibility. Before drawing conclusions regarding metabolism from 
the data of susceptibility, in the absence of knowledge of the nature 
of the action of the toxic agents used, it should be determined, at least, 
that there is a parallelism between susceptibility and rate of oxidations 
under all normal conditions. This has not been done excepting for the 
comparisons with the carbon dioxide production by Planaria in the 
Tashiro “ biometer’’ previously mentioned. Upon the basis of the data 
presented in the present paper, it is possible to make certain compari- 
sons between susceptibility of Planaria and their rate of oxidations. If 
the susceptibility is a measure of the oxidations, it must not vary inde- 
pendently of the rate of oxygen consumption. 

Table 15 summarizes the facts regarding susceptibility and the rate 
of oxygen consumption per unit of body weight. Four normal condi- 
tions are considered; a, increase in the size of the body by growth; b, 
decrease in the size of the body by agamic reproduction; c, starvation; 
and d, feeding. Starvation is naturally divided into the early and the 
later stages, making five items in the table. In the so-called “indirect 
susceptibility method,” less susceptibility, or, conversely, greater re- 
sistance, is supposed to indicate a higher “rate of metabolism,”’ while in 
the ‘“‘direct method” greater susceptibility is supposed to indicate a 
higher rate of metabolism or rate of oxidations. The letters in the table 
refer to the following quotations and references to the literature on 
susceptibility: 


A. (1) pages 544 to 547. Figures 1 and 2. 

(4) page 83 and figure 4. 

B. (1) pages 555 to 564. 

C. “In this connection it should be noted, again, that when well-nourished 
worms are kept without food, the resistance increases somewhat during the first 
three or four weeks, as the reserves disappear and after that decreases rapidly”’ 
(1, p. 549). 

“If the resistance of the worms to anesthetics is in any degree a criterion of 
age, as it seems to be, then it is evident that while starvation alone does not 
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TABLE 15 
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Showing that susceptibility of Planaria to the toxic action of alcohol or potassium 
cyanide varies independently of the rate of oxygen cons 
ceptibility determined by Child. 
letters A, B, C, etc., 
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rejuvenate these animals, except to a slight extent in the early stages,’ yet feeding 


after a long period of starvation does accomplish this very effectively” (1, p. 555 
‘During the first two or three weeks of starvation before any marked reduc- 

tion occurs, the rate of metabolism increases but decreases after reduction be- 

gins (indirect method, meaning that resistance increases during first two or three 


weeks) (3, p. 437). 
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D. “I have performed numerous experiments with worms in various stages of 
starvation and always with the same result, viz., the reduced worms show even 
less resistance than before reduction”’ (1, p. 547). 

E. (1) page 555, quoted above under C. 

“The effect of feeding after starvation does not appear as increased resistance 
to any marked extent until at least 48 hours after feeding. Probably this period 
of time represents that necessary for the attainment of a certain stage and rate 
of the metabolic reactions after feeding’’ (1, p. 549). 

F. (3) pages 423 to 427. 

(4) pages 93 to 100. 

G. (4) pages 105 to 110. 

H. ‘‘Animals which have been without food for only a few days are distinctly 
more susceptible to depressing agents than animals which have been fed up to the 
beginning of the experiment”’ (3, p. 434). 

(4) pages 156 to 160, especially table 11, page 157. 

I. “In all several hundred individuals have been testd and always with the 
same result, viz., increase in susceptibility from the beginning of starvation on 
until the animals are reduced to a minute fraction of their original size and death 
occurs. If the method is valid this increase in susceptibility must mean that the 
rate of the metabolic processes increases as starvation and reduction proceed, a 
conclusion exactly the opposite of that reached from my earlier work with the in- 
direct method alone’”’ (3, p. 427). 

(4) pages 156 to 160, especially table 11, page 157. 

“But the results obtained in later investigations by the direct susceptibility 
method which have been briefly presented above, and the confirmation of these 
by the estimates of carbon dioxide production, force us to the conclusion that the 
rate of metabolism increases during starvation. This being the case, the decrease 
in capacity for acclimation in starved animals cannot be due to a low rate of 
metabolism, but must be associated with the nutritive condition in some way 
independent of the metabolic rate’’ (4, p. 165). 

J. “Each feeding is followed by a distinct decrease in susceptibility, and later, 
as the animals begin to starve, the susceptibility increases again’’ (4, p. 169). 


Inspection of this table shows at a glance in what cases susceptibility 
and rate of oxygen consumption per unit of body weight agree and in 
what cases they disagree. When the size of the body is increased by 
growth, part I, the resistance by the indirect method decreases, the sus- 
ceptibility by the direct method decreases and the rate of oxygen con- 
sumption decreases. When the size of the body is decreased by experi- 
mental fission and regeneration, part II, these three items all increase. 
These facts are consistent with the theory of a relationship between 
susceptibility and rate of metabolism. But when the conditions of 
starvation and feeding are considered, the picture changes. During 
the first stages of starvaton the rate of oxygen consumption falls sharply, 
column 4, but the susceptibility by the direct method increases instead 
of decreases. This striking decrease in the oxidations occurs chiefly 
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during the first few days. Since the indirect method requires a 
number of days for making determinations, it is perhaps not well 
adapted for catching the conditions during this brief period. State- 
ments were made, however, that the resistance by this method in- 
creased somewhat during the first three or four weeks without food, as 
contrasted with the decrease afterwards. During the later stages of 
starvation, i.e., after the first 10 days, approximately, the rate of oxygen 
consumption runs practically constant, while the susceptibility in the 
direct method continues to increase steadily. In the indirect method, 
the increase in resistance which begins in the early stages is reported to 
continue during a total of three or four weeks, after which it is followed 
by a decrease in resistance. It should be clearly understood that this 
table and discussion refer only to the first seven to nine weeks of starva- 
tion, and do not include later stages of more extreme starvation. What 
changes may occur in the respiratory metabolism, later on, do not con- 
cern the point under discussion, which is that the susceptibility of Pla- 
naria to potassium cyanide and alcohol, and the rate of respiratory 
metabolism per unit of total body weight vary independently of each 
other. Such independent variations are clearly shown within the 
periods which are considered in this discussion. The fall in rate of oxi- 
dations during the early stages of starvation is large and is not reflected 


in any decrease in susceptibility. On the other hand, the increase in 
susceptibility during the period of starvation included in these experiments 
is large (4, p. 157, table 11) and is not paralleled by an increase in rate of 
oxygen consumption. It may be notedy furthermore, that the discrep- 
ancies revealed in the table are too great to be altered materially by 
minor differences in the respiratory metabolism of different species of 


Planaria. 

Feeding causes an enormous increase in the rate of oxygen consump- 
tion, but it is reported (4, p. 169) that ‘‘each feeding is followed by a 
distinct decrease in susceptibility, and later, as the animals begin to 
starve, the susceptibility increases again” (direct susceptibility method). 
In the indirect method, feeding results in an increased resistance as well 
as in an increased oxygen consumption but it may be noted that “the 
effect of feeding after starvation does not appear as increased resistance 
to any marked extent until at least 48 hours after feeding.”” The maxi- 
mum effect of feeding in increasing the rate of oxygen consumption is 
within this 48-hour period. These comparisons show, therefore, that 
susceptibility in Planaria varies independently of rate of respiratory 
metabolism. 
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B. L. Lund (38) and E. J. Lund (11), (39) have shown a similar lack 
of agreement between susceptibility and rate of oxidations in Parame- 
cium. Starving Paramecia are more susceptible to potassium cyanide 
than those that are well fed, but the starving Paramecia consume less 
oxygen and give off less carbon dioxide. Child (7, p. 217) has criticized 
Lund because “‘he has apparently failed to recognize an essential point, 
viz., that susceptibility as measured by progress of death and disinte- 
gration concerns primarily the ectoplasm or the body-surface and body- 
wall. Statements to this effect have been made repeatedly in the work 
on susceptibility.”” These statements, however, give no indication that 
the “rate of metabolism’? under discussion “concerns primarily the 
ectoplasm or the body-surface and the body-wall.’’ On the contrary, 
statements have been made repeatedly in the work on susceptibility to 
the effect that estimations of the carbon dioxide production by Plan- 
aria in the Tashiro ““biometer’’ have confirmed results obtained by 
the susceptibility method (e.g., (3, pp. 422, 343); (4, pp. 73, 161, 202); 
(8, p. 104) ). The following quotation may suffice: 

The rate of production of carbon dioxide in the starved, reduced animals is 
practically equal to that in the young, growing animal of the same size, and this 
rate is much higher per unit of body weight than that in large, old animals. The 


results obtained by the direct susceptibility method are thus fully confirmed by 
the estimations of the carbon dioxide production (in the “biometer’’) (4, p. 161). 


But they are not confirmed by measurements of the oxygen consump- 
tion by Planaria made by the writer, nor by measurements of the oxy- 
gen consumption and carbon dioxide production by Paramecium made 
by Lund. 


CONCLUSIONS 


In conclusion it should be noted that the purpose of these studies is 
to contribute to the critical analysis of the réle of rate of respiratory 
metabolism in the animal organism. It may be conceived to be the 
function of bold and suggestive theories such as those of Child regard- 
ing the “rate of metabolism” to serve as a basis for analysis of all the 
factors involved in the question. All facts should be welcome and 
should be examined with critical impartiality to place them in their 
proper relation to the general problem. As the analysis proceeds, new 
aspects appear and new need for discrimination between the various 
factors‘involved. The term ‘rate of metabolism’’ may be used in dif- 
ferent senses. Attention has been confined in this paper to the rate of 
respiratory metabolism. Even this term is capable of meaning differ- 
ent things. What should seem to be the only strictly sound basis for 
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comparisons of the relative rates of respiratory metabolism in animals 
of different size and age are data that give us the rate of respiratory 
metabolism per unit of weight or volume of living protoplasm in the body 
of the animal. No other basis is really satisfactory. Material should 
be selected and methods devised which supply these conditions as 
nearly as possible. Warm-blooded animals are very unsatisfactory 
material for such work, and this fact should be considered before draw- 
ing conclusions of general application from the data of mammalian 
calorimetry. If the method of susceptibility to the toxic action of 
such substances as potassium cyanide, when applied to the lower in- 
vertebrates, could provide a means of approaching the ideal conditions 
in measuring the “rate of metabolism’”’ or rate of oxidations, it would 
be of very great value in the analysis of these problems. This method 
has been compared in the present paper with measurements of the rate 
of oxygen consumption in proportion to the weight of the body, and it 
has been found that the susceptibility does not give a reliable index of 
the rate of oxidations as thus defined. Since we have no data regarding 
the rate of oxidations upon the basis of any other definition, we must 
conclude that, in the present state of our knowledge regarding the action 
of these substances, only direct methods are reliable for determining the 
rate of respiratory metabolism. 


SUMMARY 


1. The oxygen consumption by P. maculata and P. agilis decreases 
progressively during starvation at constant temperature, more rapidly 
at first and somewhat more slowly later. The body weight also de- 
creases during starvation, and the worms become smaller in body 
dimensions. 

2. The rate of oxygen consumption per unit of body weight in starv- 
ing P. maculata and P. agilis decreases rapidly during the first few days, 
due to the decreasing accelerative effect of food residuum left from the 
previous feeding. The length of this period may vary with the tem- 
perature and the amounts and kinds of food previously ingested, but in 
the experiments reported it lasted as long as 10 to 14 days, although the 
accelerative effects were small after the first 7 days. 

3. At the end of this period of the accelerative effects of food reserve 
from previous meals, the rate of oxidations reaches a constant level 
which is maintained for several weeks in P. agilis (5 to 8 weeks in the 
experiments reported). During this period of constant rate of oxida- 
tions, the starvation results in a decrease in the body weight of at least 
one-half of the original. 
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4. The ingestion of food by starving P. maculata and P. agilis results 
in a great increase in the oxygen consumption (80 to 140 per cent in the 
experiments reported). After this initial rapid rise, which reaches its 
maximum within the first 48 hours or less, the rate of oxidations per unit 
of body weight falls more slowly during 7 to 14 days to reach a constant 
level. When this constant level is reached after a single feeding, the 
rate of oxygen consumption per unit of body weight is the same, within 
the limits of error of the experiment, as it would have been if the animal 
had not been fed. However, after the rate of oxidations has returned 
to this constant level the animal weighs more and consumes more oxygen 
in absolute units than would have been the case if the animal had not 
been given a meal (see figs. 4 and 6). 

5. The later period of starvation, after the accelerative effects of food 
reserves have disappeared, is the proper basis of reference in studying 
respiratory metabolism in Planaria. 

6. Larger Planaria have a lower rate of oxidations per unit of total 
body weight than smaller worms of the same species when the latter do 
not owe their small size to starvation. The experiments reported do 
not permit making any general statement to cover all cases of differences 
in size due to starvation alone since the more extreme stages of starva- 
tion are not included in this study (see paragraph 3 above). 

7. After fission of a large worm, the tail piece, which becomes reor- 
ganized into a small-sized worm, gains a higher rate of oxygen consump- 
tion per unit of body weight. With regeneration in the anterior piece, 
which does not involve important alterations in the body, the rate of 
oxygen consumption remains constant within the limits of accuracy of 
the method. It is not assumed that the increase in rate of oxidations 
in the posterior piece is due to the use of measurable amounts of energy 
in the processes of regeneration or morphogenesis as such. 

8. The susceptibility of Planaria to the toxic action of potassium cya- 
nide and alcohol, as reported by Child, varies independently of the rate 
of oxidations per unit of body weight, and is, therefore, not a reliable 
measure of the oxidations as thus defined. If the rate of oxidations or 
the “rate of metabolism”’ is defined differently, then it remains to be 
shown that susceptibility is a reliable measure of either. 


APPENDIX 


Since the above was written, three papers have appeared which deal 
with the respiratory metabolism in Planaria (40), (41) and (42). Hy- 
man (41) has attempted to strengthen the theory that susceptibility is a 
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measure of rate of oxidations by showing that potassium cyanide in- 
hibits the oxidations in Planaria dorotocephala; her results confirm those 
of the writer reported in the first paper of this series (13). The two 
studies supplement each other since the experiments of Hyman covered 
short periods of time while those of the writer covered longer periods. 
Hyman argues that “since cyanides decrease the rate of oxygen con- 
sumption, it follows that cells or organisms or parts of organisms which 
have the highest rate of respiratory exchange will be more susceptible 
to cyanide and will, therefore, die in lethal concentrations of cyanide 
faster than parts or organisms respiring less actively’’ (41, p. 353). 
The writer does not wish to discuss this argument further than to call 
attention to the facts observed in Paramecium and Planaria, namely, 
that fed animals have a higher rate of respiratory exchange but live 
longer in lethal concentrations of cyanides than starving animals. 

Child (40) has compared the rates of carbon dioxide production by 
equal weights of Planaria dorotocephala of different sizes and in differ- 
ent stages of starvation, as determined by the phenolsulphonephthalein 
indicator method. The data do not permit a calculation of the actual 
quantities of carbon dioxide produced, but show that the worms in one 
tube caused a higher or lower hydrogen ion concentration than those in 
another tube. Child concludes from his experiments with this indicator 
method that the rate of carbon dioxide production is greater in small 
than in large worms, that it “decreases rapidly during the first stages of 
starvation and continues to decrease more slowly during several weeks, 
but that in advanced stages of starvation it increases’’ (40, p. 256). 
The advanced stages in which it is reported that the rate of oxidations 
increases are apparently later than the stages included in the experi- 
ments of the present writer, although it is hardly possible to compare 
the rates of starvation in two different species of Planaria under differ- 
ent conditions of observation. The data regarding differences in rate of 
oxidations in animals of different size and during the earliest stages of 
starvation are in agreement with those of the present paper. 

These conclusions, it may be noted, are very different from either 
of the two former conclusions of Child which were based on suscepti- 
bility data. Child himself calls attention to these discrepancies and 
offers an explanation to preserve the theory that susceptibility is a meas- 
ure of rate of oxidations. He recalls observations previously neglected, 
to the effect that during early starvation of Planaria, the susceptibility 
of the intestinal tract is different from that of the body wall, the former 
decreasing while the latter increases. The interpretation suggested is 
that 
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the ectoderm and body wall, which maintain their functional activity and subsist 
in part upon their own substance from the beginning, show a gradual increase in 
rate of oxidation during starvation, while the rate of oxidation in the alimentary 
tract undergoes rapid and marked decrease in the absence of food and probably 
still further decrease more slowly, as the reserves are used. Alimentary tract 
oxidation in well-fed animals is so large a part of the total oxidation that the de- 
crease in activity of the alimentary tract in the absence of food brings about a 
decrease in total CO, production, in spite of the probable increase in CO, produc- 
tion in ectoderm and body well (40, p. 254). 


In the absence of any experimental evidence that the oxidations in 
the bedy wall change with starvation and feeding, as Child suggests, 
rather than in accordance with the oxidations of the animal as a whole, 
the observed facts must be considered damaging to the theory that sus- 
ceptibility is a measure of rate of oxidations. If the possibility that 
the oxidations in the body wall may change in a direction exactly oppo- 
site to the rate of oxidations of the whole animal is pressed, it must be 
borne in mind that the evidence which is cited in support of the theory, 
also, consists of measurements of the respiratory exchange of whole ani- 
mals. Estimations of the total carbon dioxide production by Planaria 
in the Tashiro “ biometer” have served as proof of the value of the sus- 
ceptibility method. They were cited for this purpose in the last paper 
by Child (42, p. 381) although in the preceding paper it was reported that 
the biometer gave different results (as regards different conditions of 
nutrition) than the indicator method, so that “work with the biometer 
was discontinued because I came to believe that the method was not 
suitable for the material’ (40, p. 250). However, whether reliance is 
placed upon the “biometer,” the indicator method or the writer’s Wink- 
ler method, the data obtained by these methods have given only the 
rate of respiratory metabolism of whole animals. 

The distinction between the rate of oxidations in the animal as a 
whole and that in particular organs carries the question ultimately to 
the individual cells. Here we have the information that starving Para- 
mecia are more susceptible to cyanide but have a lower rate of oxida- 
tions than fed Paramecia. The explanation suggested by Child is that 
during starvation in Paramecium, the ectoplasmic oxidations increase 
while the endoplasmic oxidations, which make up the major part of the 
whole, decrease. Is susceptibility in other animals such as Planaria to 
be attributed finally to conditions in the surface of the cell rather than 
to the oxidations of the cell as a whole? What does survival time tell 
us with certainty about oxidations? 
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A large number of papers have been published dealing with the 
physiology of the ureter; the main conclusions may be summarized 
briefly. 

Engelmann (1) making use of simple inspection described the peri- 
stalsis and anti-peristalsis proceeding with a certain velocity. On 
microscopic examination he found no ganglionic structures except in 
the lower part. He believed, therefore, that the contraction originates 
and travels in the muscle tissue itself without any relation to extrinsic 
or intrinsic nerves. Protopopow (2) also making use of ocular ob- 
servation investigated the movements of the ureter in asphyxia and 
in different conditions of the circulation of the kidney and ureter. 
His experiments showed that an acceleration of the movements is 
caused by the distention of the ureter lumen, while a depression results 
from the ligation of the upper end. Concerning the innervation of 
the ureter he obtained a motor effect from the splanchnic nerve and a 
slight inhibitory result. by stimulating the anastomosis between the 
inferior mesenteric ganglion and the plexus hypogastricus. In his 
work he tested the influence of a number of drugs upon the ureteral 
movements in situ. Atropin caused first an acceleration, later a 
depression; diuretin had no effect and caffeine stimulated the con- 
tractions in small doses, but depressed them in large doses. 

Besides simple inspection by means of which Engelmann and Pro- 
topopow carried out their experiments, more recent investigators have 
studied the movements of the ureter either by recording intra-ureteral 
pressures or by using excised ureter strips. 

Papers dealing with the pressure changes in the ureter lumen, by 
which its movements were studied, have been published by Fagge (3), 
Henderson (4), Berensnegowsky (5), Lucas (6), Sokoloff and Luchsinger 
(7). 

Fagge found a motor effect of the hypogastric nerve upon the ureter; 
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Henderson and Berensnegowski separately concluded that a ureteral 
pressure does not depend entirely upon the contraction of the ureter. 
Lucas mentioned that the contractions are different in size and in 
number in various parts; the middle part showing relatively large and 
few contractions, while the upper part gives small and frequent waves 
of contractions. He also observed a complete prevention of the reflux 
of the bladder content into the ureter and described an action of the 
ureter for preventing by its peristalsis the accumulation of urine in 
the renal pelvis. Sokoloff and Luchsinger obtained contractions by 
the distention of the ureter lumen. 

On the other hand some authors as Stern, Lucas (6), Roth (8) and 
Macht (9) made their experiments with ureter strips removed from the 
body. 

Stern records some facts concerning the temperature relations and 
the proper nutrient solutions for the contractions of the excised ureter. 
Lucas tested the effects of various drugs; adrenalin, diuretin and barium 
chloride increased the tone and contraction, while chloroform, ether, 
chloral and magnesium sulfate exerted a final depressing effect pre- 
ceded by a slight irritation. Roth stated that oxygenated Locke’s 
solution of a certain composition is an excellent medium for the de- 
velopment of the contraction of the excised ureter. He observed two 
varieties of contractions occurring in a longitudinal strip, namely, large 
and small contractions. According to his experiments the small con- 
tractions predominated in the kidney third, while in the lower part 
large contractions were most frequently observed. Adrenalin and 
barium chloride caused an immediate increase in the tone and in the 
rate of the contraction, while apocodein depressed the activity of the 
ureter. From the effect of these drugs he assumed the presence of 
sympathetic nerve endings throughout the ureter. 

Macht recently published a series of communications under the title 
of On the pharmacology of the ureter. He used the ureter ring prepa- 
ration to study the behavior of the circular muscle coat. After sus- 
pending his preparation in normal Locke’s solution he introduced 
several drugs such as adrenalin, ergotoxin, physostigmin, atropin, 
nicotin, morphin and various derivatives of morphin. From these 
experiments he obtained pharmacological proof that two sets of nerve 
endings are found in the ureter wall; one belonging to the sympathetics 
and the other to the parasympathetics. He also demonstrated the 
presence of ganglia throughout the ureter from the effect of nicotin. 
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1. CONTRACTION OF THE EXCISED URETER STRIP 
a. Single strips 


A number of observations on the contractions of the excised ureter 
in nutrient solutions at certain temperatures and effects of certain 
drugs upon their contractions have been described by such authors 
as Stern, Lucas, Roth, Macht and others. I have repeated these 
experiments under the same or different conditions. 

Method. In this study I have generally used the excised ureter of the 
pig, because as Macht has stated, the pig’s ureter has the most regular 
contraction and a longer vitality in artificial nutrient solutions. The 
material was obtained from a slaughterhouse in the neighborhood of the 
school. Pigs were bled to death and immediately after killing the 
ureters on both sides, connected with the kidneys and the bladder, 
were removed and placed in Locke’s solution at room temperature. 
For longer preservation of their vitality, they were kept in Locke’s 
solution on ice. Under these conditions striking contractions may be 
observed two days or more after removal. A very short strip (2 or 3 
mm.) was cut off from the ureter to use as a ring after the manner of 
Macht, and also a longer section (10 to 20 mm.) as a longitudinal seg- 


ment (circular fibers were opened). The former preparation registers 
the contraction of the circular muscle fibers and the latter represents 
that of the longitudinal fibers. 

For the nutrient solution, Locke’s solution of the following composition 
was employed almost exclusively in this work, because Roth found it the 
most efficient for the development of the spontaneous rhythm and the 
preservation of the vitality of the excised ureter of the dog. 


Sodium chloride 


The solution was made fresh for every experiment, and I could re- 
move the sugar from the solution with very little deleterious effect 
upon the action of the ureter. Thus a ureter ring (or longitudinal 
strip) ,;was placed in a bath of 20 cc. of Locke’s solution, which was 
kept at a constant temperature of 38°C. The solution was also oxy- 
genated by continual bubbles of oxygen gas. The ureter ring was 
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suspended between two hooks, of which the one was fixed at the base 
of the bath and the other was connected with the arm of a writing 
lever. 

Character of the contraction of the ureter To demonstrate the char- 
acter of the ureteral movements, the ureter rings were employed 
chiefly because the circular layer is mainly concerned in causing the 
peristaltic contractions. Every part of the ureter is capable of spon- 
taneous contraction when placed in oxygenated Locke’s solution at a 
temperature of 38°C. 

The beginning of spontaneous contractions of the ureter ring after 
being placed in Locke’s solution varies in the first place with the part 
of the ureter from which the ring is taken, and in the second place it 
depends upon the length of time after its removal from the body. 
The initial contraction starts immediately in the fresh ureter, while the 
ureter kept in the refrigerator for twenty-four or more hours begins 
to contract thirty minutes or even one hour after being placed in the 
bath. 

The curve of contraction exhibits a steep ascending part rising almost 
vertically on a slowly revolving drum. The descending limb falls less 
steeply so that the contraction curve approaches gradually to the base 
line. Each contraction is followed by a pause represented as a hori- 
zontal line for a certain length. Sometimes the contractions follow 
one another closely, separated by no pause. But as a rule they do not 
fuse together, the descending limb reaching the level of the base line 
during the pause. Occasionally the contractions followed so closely, 
that there was partial fusion into a compound contraction. Finally 
there was observed a different kind of contraction in which there was a 
“nlateau”’ at the summit of the curve. Such a curve has the form of 
an inverted U. 

In spite of the different types of the contraction curves described 
above, there is noticed a striking similarity in each tracing made with 
a single ureter ring, placed in normal Locke’s solution. In other 
words each ureter ring has only one kind of contraction curve from 
beginning to end. 

The height and width of the curves also are the same within certain 
limits of time except when the contractions become gradually weaker 
due to fatigue. 

The rate of.the contractions varies in the various segments. Gener- 
ally they are infrequent at first and then show a gradual increase to a 
certain rate, which is maintained for many hours even though becoming 
weaker in amplitude. 
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The amplitude of the contractions of the several segments also varies. 

This variation seems to depend to a large extent upon the structure 
of the muscle layer of the different parts as described elsewhere.! 

Effects of certain drugs. The above description applies to the con- 
traction of the ureter ring under normal physiological conditions. An 
attempt was made to study the action of various drugs upon the 
contraction of the ureter rings. 

The definite finding that nerve plexuses and ganglia exist throughout 
the ureter wall has been described in the anatomical part of my work. 
Preyious investigators are not in accord as to the innervation of the 
ureter; some maintaining a supply only from the thoracico-lumbar 
autonomies, the so called “‘true sympathetic,’ and others finding two 
sets of nerve fibers, namely the sympathetic and the autonomic nerve 
supply of sacral root origin, the so-called “‘ parasympathetic.” 

For the purpose of investigating these nerve supplies, adrenalin and 
ergotoxin on the one hand and physostigmin and atropin on the other 
hand were employed, following the general belief that the first two act 
upon the sympathetic nerve endings while the latter two are excellent 
agents for revealing the presence of the parasympathetic nerve endings. 

Experiments with these drugs were carried out according to the fol- 
lowing schema. 

. Adrenalin (in small to large doses). 

. Ergotoxin (in small to large doses). 

. Adrenalin (in large doses) and then ergotoxin (in large doses). 

. Ergotoxin (in large doses) and then adrenalin (in large doses). 

. Physostigmin (in small to large doses). 

. Atropin (in small to large doses). 

. Physostigmin (in large doses) and then atropin (in large doses). 
. Atropin (in large doses) and then physostigmin (in large doses). 
. Atropin (in large doses) and then adrenalin (in large doses). 

10. Ergotoxin (in large doses) and then physostigmin (in large doses). 

11. Nicotin (in small to large doses). 

Adrenalin even in a small dose stimulates the contraction of the 
ureter. 

When a minute quantity of adrenalin (1 drop of 1: 10,000 solution) 
was added to the bath consisting of 20 cc. Locke’s solution and in 
which a ureteral ring preparation had been suspended, a marked effect 
was soon noticed. The spontaneous contractions of the ring showed 
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a striking increase in rate, although no change in tonus and amplitude 
was obtained with such a small amount of adrenalin. A ureter which 
had been kept on ice in Locke’s solution for one day or more and had 
shown no contractions when suspended at room temperature, began to 
contract rhythmically. 

The larger doses (3 to 8 drops of 1: 10,000 solution in 20 ce. Locke’s) 
caused an immediate increase of the rate, together with a slight increase 
in the tone. The amplitude of the contractions showed also a very 
slight increase. Thus adrenalin exerts an influence on the ureter 
ring in rate, tonus and amplitude in proportion to the increase in 
concentration. 

Ergotoxin in relatively small doses (0.5 to 1 mgm. in 20 ce. Locke’s 
solution) caused an increase in the tone and in the rate of contraction. 


Fic. 1. Portion of graphic record obtained in experiment of November 6, 
1918, with a ureter ring made from the middle of the pig’s ureter in 20 cc. Locke’s 
solution. 1, spontaneous contractions; 2, the effect of addition of 1 drop of ad- 
renalin (1: 10,000); 3, the effect of addition of 2 drops of adrenalin (1: 10,000); 
4, the effect of addition of 3 drops of adrenalin (1: 10,000); 5, return to Locke’s 
solution. 


This effect may be regarded as a primary stage of stimulation. With 
increasing doses the tonus increased correspondingly, but the rhythmic 
contractions disappeared after a certain period of time, so that the 
ureter ring passed into a condition of tonic contracture. I did not 
find how long and how far this contracture would go on, as I put the 
ring again in the normal Locke’s solution before observing a relaxa- 
tion. But there was no relaxation throughout a rather long interval 
of time while under the influence of ergotoxin. 

These experiments with adrenalin and ergotoxin indicate the pres- 
ence of sympathetic nerve endings in the ureter wall. The effects of 
these drugs are distinctly different in several parts of the ureter, as 
will be described later. 

Physostigmin in small and large doses (1.0 to 15 mgm. in 20 cc. 
Locke’s solution) and pilocarpin in small doses (30 mgm. in 75 ce. 
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Locke’s) increased the contractions in rate and also in tonus. Atropin 
in small doses exhibited sometimes a primary stage of stimulation, so 
that the ureteral contractions increased in rate. But the amplitude of 
the contractions decreased gradually in every case, and after a longer 
or shorter interval movements ceased entirely. There was found, 
however, no sudden disappearance of the contractions of the ureter 
even after the introduction of a rather large amount of atropin (15 
mgm. in 20 ce. Locke’s). 


Fig. 2. Experiment of November 6, 1918, on a ureteral ring from the middle 
third of a pig’s ureter. 1, the effect of addition of 0.5 mgm. ergotoxin; 2, the 
effect of addition of 1.0 mgm. ergotoxin; 3, the effect of addition of 5.0 mgm. 
ergotoxin; 4, return to Locke’s solution. 


Fig. 3. Portion of graphic record obtained in experiment of November 8, 
1918, with a ring from the lower part of the middle third of the pig’s ureter in 
20 cc. Locke’s solution. 1, the effect of addition of 1.0 mgm. physostigmin; 
2, the effect of addition of 3.0 mgm. physostigmin. 


Inasmuch as physostigmin and atropin are regarded as exercising a 
selective action on the parasympathetic nerve endings, these latter 
results seem to furnish pharmacological evidence for the presence 
of sacral autonomic fibers. This conclusion is corroborated by the 
results obtained from direct stimulation of the nerves, as will be de- 
scribed below. 

The effect of combinations of these drugs upon the excised ureter is 
of interest as throwing more light on the question of its innervation. 
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As I have shown above, ergotoxin antagonized the action of adre- 
nalin, but had no effect on the stimulating effect of physostigmin. In 
other words the pressor action of physostigmin was not affected by 
previous administration of ergotoxin, while adrenalin after ergotoxin 
was not able to cause contractions of the ureter ring. Moreover in 
experiments in which atropin and adrenalin were introduced succes- 
sively after a certain interval of time, it was found that atropin did not 
interfere with the action of adrenalin although it inhibited entirely the 
effects of physostigmin. 


Fig. 4. Portion of graphic representation traced by a ring from the middle 
of the pig’s ureter in experiment of November 7, 1918. Preparation was placed 
in 20 ce. Locke’s solution, and shows the final inhibitory action of atropin. 
1, the effect of addition of 1.0 mgm. atropin; 2, the effect of addition of 5.0 mgm. 
atropin; 3, the effect of addition of 7.0 mgm. atropin; 4, the effect of three drops 
of adrenalin (1: 10,000) after atropin. 


Fig. 5. Portion of graphic record obtained in experiment of November 6, 
1918, with a ring preparation from the middle of the pig’s ureter in 20 cc. Locke's 
solution. 1, no effect of addition of 3 drops of adrenalin (1: 10,000) after ergo- 
toxin; 2, the effect of addition of 5.0 mgm. physostigmin after ergotoxin 


These facts may be accepted as showing that these drugs exert their 
action on different structures in the ureter wall, in accordance with 
the view outlined above. 

In addition it was thought desirable to examine the action of nicotin 
upon the ureter ring, since it is one of the accepted agents used to 
paralyze peripheral ganglion cells. Its action is to stimulate first and 
then paralyze. Small doses of nicotin (3 drops of a 1: 100 solution in 
20 ec. Locke’s) caused an increase in the contractions, especially in 
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amplitude, and medium doses (8 drops of a 1: 100 solution in 20 cc. 
Locke’s) exerted the same effect in a stronger measure, but caused a 
little decrease in the rate of contractions. 

Large doses (1 drop of the undiluted solution in 20 cc. Locke’s) 
paralyzed the contractions immediately. 

Thus the effect of nicotin upon the excised ureter indicates the exist- 
ence of ganglion cells in the ureter itself. It also points to the pres- 
ence of ganglionic structure throughout this organ, since experiments 
with all parts of the ureter gave positive results of the kind described. 


Fig. 6. Portion of graphic record obtained in experiment of November 7, 
1918, with a ring from the middle part of the pig’s ureter in 20 cc. Locke’s solu- 
tion, showing the action of nicotin in increasing doses. 1, three drops of nicotin 
(1: 100); 2, eight drops of nicotin (1: 100); 3, one drop of concentrated nicotin; 
4, return to Locke’s solution. 


b. The use of three strips to compare the contractions of three different 
parts 


As pointed out above, the contraction of the ureter ring is markedly 
different in the several parts of the organ. These differences were 
observed not only under normal physiological condition, but also after 
the introduction of drugs in the bathing solution. In the present ex- 
periments three ureter rings made from the upper, the lower and the 
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middle portions were selected for the purpose of comparing their con- 
tractions, since in these regions the greatest difference in the structure 
of the muscle coat is found. They were placed in a glass beaker con- 
taining 75 cc. oxygenated Locke’s solution. Three straw levers. which 
were of the same length and of the same weight, were connected with 
the rings. Tracings of these levers were obtained on a revolving 
drum. In this way curves of the contractions of the three parts un- 
der similar conditions can be obtained simultaneously. It should be 
stated that the ureters used in these experiments were not perfectly 
fresh but had been kept for some hours (3 to 24) in cold Locke’s 
solution. 

The three rings did not begin to contract at the same time. The 
upper ring (the ring made from the upper part of the ureter) began to 
contract usually immediately after placing it in the bath, and the 
middle ring followed after a longer or shorter period of time, while the 
lower ring was quiescent in most of the experiments in the normal 
Locke’s solution for a number of hours. 

This finding indicates that the irritability of the ureter varies in dif- 
ferent parts; the upper end being the most susceptible to stimulation, 
and the lower parts showing a gradual decrease in irritability. 

Further there were noticed marked differences in the amplitude of 
the contractions. The upper ring exhibited small rhythmic con- 
tractions, while the middle ring gave much larger curves, so that the 
height of the contractions was many times greater than that of the 
upper ring. The spontaneous contractions of the lower ring, on the 
contrary, were very small, much smaller than those of the upper ring. 
This difference in amplitude of the contractions depends upon the 
amount and the course of the muscle fibers. In other words, the am- 
plitude of the contraction is proportional to the quantity of the circular 
muscle fibers. 

The rate of the contractions also varied definitely in different parts 
of the ureter. The highest rate was found in the upper ring, while in 
the middle and the lower ring the rate was slower to about the same 
degree. 

The difference in the effects of certain drugs on these three rings is 
most interesting. Adrenalin caused an increase in the contractions of 
the upper and middle rings in both rate and amplitude; its effect being 
stronger on the upper ring. On the lower ring, on the contrary, adre- 
nalin had only a very small effect, causing a minute increase in the 
rate or sometimes no reaction at all, even in large doses. The re- 
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sponse of the middle and lower rings to adrenalin started immediately 
after introducing the drug, while the upper ring began to react after a 
certain period of time. I cannot find a probable explanation for this 
result. 

Physostigmin exerted its effect on the middle and lower ring, produc- 
ing an increase in the rate and amplitude. Vigorous contractions were 
evoked in a quiescent lower ring, which had remained motionless for 
many hours after being placed in Locke’s solution. In the upper 
ring, however, physostigmin had either a slight effect or no pressor action 
at all. In regard to the beginning of the contraction there was found a 


Fig. 8. Portion of graphic tracing obtained in experiment of November 21, 
1918. Three rings were suspended in 75 cc. Locke’s solution, to which adrenalin 
was added (8 drops of 1: 10,000 solution). Upper record, the contractions of the 
upper ring; second record those of a ring from the middle part; third record, 
movements of the lower ring; forth record, base line. /, addition of adrenalin. 


reversed order compared with that of adrenalin. Contraction de- 
veloped immediately, if at all, in the upper ring while in the middle 
and lower rings contractions appeared only after a certain interval. 

Comparing the findings of the experiments carried out with three 
rings, it is seen that adrenalin has a stronger influence at the upper part 
of the ureter, while physostigmin exerts a more marked effect on the 
lower part. 

The middle part reacts to these two drugs almost in the same degree. 

These facts indicate that the upper part has a nerve supply from the 
sympathetics chiefly, while the larger part of the nervous element in 
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the lower part belongs to the parasympathetic system. In the middle 
part there exist both sets of nerve fibers, seemingly in the same quantity. 

Comparison of the effects of adrenalin and physostigmin on the tonus 
of the three rings develops an interesting difference. Adrenalin caused 
an increase of the tonus in the upper and middle rings only to a slight 
degree. On the contrary, physostigmin produced tonic contractions in 
the middle and lower rings much more striking than the tonus of the 
upper and middle rings produced by adrenalin. This and other facts 
seem to indicate a difference between these two sets of nerves in the 
ureter in respect to their physiological functions; the action of the 


Fig. 9. Portion of graphic tracing obtained in experiment of November 21, 
1918. Three rings of a pig’s ureter were placed in 75 cc. Locke’s solution, to 
which 15 mgm. physostigmin was introduced, 1. Upper record, the contrac- 
tions of the upper ring; middle record, those of the middle ring; lower record, 
movement of the lower ring. 


sympathetics has an evident relation to the rhythmic contractions of 
the ureter, while the parasympathetics may act rather as a pressor 
nerve for heightening the tonus. 


2. EXPERIMENTS UPON STIMULATION OF THE EXTRINSIC NERVES 


After administration of 1 grain of morphin a dog of medium size was 
fixed 6n the holder. The animal having been anesthetized by ether 
and tracheotomized, the abdominal cavity was opened along the linea 
alba from the xyphoid process to the symphysis pubis. For the pur- 


| 

| 

| 


EXPERIMENTAL STUDIES OF URETER 4ST 


pose of making a sufficient space to find the left splanchnic nerve in the 
region above the suprarenal gland, another incision was made on the 
left abdominal wall along the lower border of the last rib. The intes- 
tines were drawn to the right side and the viscera, as well as the rest 
of the abdominal wall, were covered with warm towels. In this way 
the left ureter could be seen completely from the kidney to the bladder. 
For a little while after opening the abdominal cavity the regular peri- 
staltic movements were noticed at the rate of 3 to 5 per minute. They 
disappeared, as a rule, in a few minutes but in some cases might con- 
tinue for hours. In some dogs the ureters remained motionless even 
immediately after opening the abdomen. 

The method employed in obtaining graphic records of the ureteral 
movements consisted in connecting the lumen of the ureter with a 
water manometer, the undulations of the column of water being then 
transmitted by means of a piston recorder to a revolving drum. 

The connection with the ureter was made by the following method. 
After opening the bladder cavity by a long sagittal incision, a small 
cannula with a thin tip was introduced into the orifice of the left 
ureter. To avoid losing the cannula from the orifice and to keep the 
connection water-tight, four weak rubber bands were used, one end 
being hooked to the mucosa of the bladder in the neighborhood of the 
orifice and the other end being tied to the glass cannula, some distance 
from the orifice. 

By this method the ureter was retained in its normal connection 
with the bladder, and no injury was inflicted upon the nerve and blood 
supplies which ascend up the ureter from the bladder. To prevent an 
increase of the intra-ureteral pressure due to the urine secretion of the 
kidney, the upper end of the ureter was squeezed with a weak artery- 
clamp. When all preliminary arrangements had been made the intra- 
ureteral pressure was raised by injecting Locke’s solution through the 
-annula into the ureter lumen, which was thereby distended to a certain 
degree. 


PROTOCOLS OF TYPICAL EXPERIMENTS 


All of the experiments of the present series were made on dogs. 
The results of three typical experiments are reported. 


Experiment 3. December 11, 1918. The preliminary operation described 
above was made. After tying the trunk of the left splanchnic nerve in the re- 
gion above the suprarenal gland, the nerve was cut and the distal stump of the 
nerve was stimulated with induction currents for half a minute. As a result 
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of this stimulation there occurred after a quarter of a minute three contrac- 
tions in the previous quiescent ureter. The stimulation was repeated with the 
result of one contraction for each stimulation. But the interval between the 
stimulation and the appearance of the contraction became gradually longer, 
as the stimulations were repeated. After the seventh stimulation there was 
no response owing probably to a fatigue of the nervous mechanism. By pulling 
the splanchnic nerve also there occurred a series of contractions (mechanical 
stimulation). 


Fig. 10. Portion of graphic record obtained in experiment of December 11, 
1918. Upper record, contractions of the ureter from stimulating the splanchnic 
nerve; lower record, time record in minutes. 1, 2, 3, 4, 5, 6,7, stimulations of the 
nerve. 


The left pelvic nerve was dissected out in the pelvic cavity and was then 


ligated and cut. On the distal side of the nerve many branches making up a 
plexus spread in the form of a fan over the side of the bladder. The uppermost 
one of these branches, which seemed to be larger than the other fibers, was 
stimulated electrically. There was observed, however, no contraction of the 
ureter. But when the electrodes were brought under the nerve plexus and 
touched a certain branch, there appeared suddenly contractions, which con- 
tinued rhythmically for a short time, giving a series of contraction curves. 

An interesting event, which indicated clearly that mechanical stimulation 
is able to cause contractions of the ureter, happened during this experiment. 


Fig. 11. Portion of graphic record obtained in experiment of December 11, 
1918. Upper tracing, contraction of the ureter from mechanical stimulation 
(squeezing) of the pelvic nerve, 1. Lower record, time record. 
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I lost the distal stump of the pelvic nerve, as its end escaped from the liga- 
ture. When I found it after a little while and squeezed it with an artery for- 
ceps, there occurred a series of contractions. The contractions followed so 
closely, especially in the middle section of the series, that they fused into an 
incomplete compound contraction, showing an increase of the tonus of the ureter 

Experiment 6. December 18, 1918. The operation and the arrangement of 
the apparatus were the same as in the preceding experiment. At first the ureter 
remained quiescent. But electrical and mechanical stimulatlon of the splanch- 
nic nerve caused a contraction or a series of contractions immediately 

After a few stimulations of the splanchnic nerve the ureter showed somewhat 
irregular spontaneous contractions, which continued for hours. Stimulation of 
the splanchnic nerve had an effect of making the rhythm more regular. 

Stimulation of the pelvic nerve gave also contractions of the ureter. The 
curves of contraction, however, were lower and wider than in the case of the 
contractions due to stimulation of the splanchniecs 


Fig. 12. Portion of graphie record obtained in experiment of December 1s 
1918. Upper tracing, contractions of the ureter from stimulating the splanchni: 
nerve mechanically, 7, and by induction current, 2. Lower record, time record 


In regard to the number of contractions following a single stimulation of either 
the splanchnic or pelvic nerves the result varied within wide limits, sometimes 
only a single contraction appearing either immediately or after a short time, or 
sometimes a number of contractions succeeding each other 

Comparing the contractions caused by stimulating the splanchnic and pelvic 
nerves, a difference was observed. The contractions caused by the stimulation 
of the splanchnic nerve were quicker and stronger, while the contractions caused 
by stimulating the pelvic nerve were slower and weaker. This difference seems 
to indicate that the two sets of nerves may have different actions upon the 
ureteral movements. 

Further there was noticed a number of vigorous contractions by stimulating 
a nerve trunk, which was found under the left kidney. It was situated 2 o1 


3 cm. below the origin of the renal artery, over the ventral side of the aorta. 
The contractions continued for several minutes at the rate of 4 to 8 per minute. 


But the nerve was not dissected out to find its origin. 

Experiment 11. January 8, 1919. The ureteral movements caused by stimu- 
lating the splanchnic and pelvic nerves were just the same as in the previous 
experiments. In this experiment a very delicate branch from the inferior mes- 
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enteric nerve was dissected out. It had its origin from a point of the inferior 
mesenteric nerve in the neighborhood of the inferior mesenteric ganglion, and 
divided soon after leaving the inferior mesenteric nerve into two or more branches, 
the upper one ascending somewhat and the lower branch taking a more descending 
direction. These final branches evidently had their terminations in the ureter 
wall. Stimulation of this branch of the inferior mesenteric nerve with induction 
currents caused an immediate and marked diminution in the rate of a series of 
spontaneous contractions which the ureter had been giving. 

After cessation of the stimulus the rate of contractions increased markedly, 
so that it became one and a half times more than that during the spontaneous 
contractions. 

In regard to the amplitude of the contractions, however, there was observed 
almost no change during and after stimulation of this nerve branch. From this 
finding the small branch from the inferior mesenteric nerve may be regarded 
as an inhibitory nerve to the movements of the ureter. Protopopow states 


Fig. 13. Portion of graphic tracing obtained in experiment of January 34, 
1919. Upper record, inhibition of the contractions of the ureter from stimulating 
the ureteral branches of the inferior mesenteric ganglion. 1, point of beginning 
of stimulation; 2, end of stimulation. Lower record, time record in minutes. 


that stimulation of the anastomosis between the inferior mesenteric ganglion 
and the hypogastric plexus caused usually no acceleration, but sometimes rather 
a slowing of the ureteral contractions. When the hypogastric nerve was stimu- 
lated electrically, there was a very weak inhibitory result. 

This nerve was cut at the middle and the distal stump was stimulated, causing 
no change in the movements of the ureter. On the other hand, stimulation of 
the proximal stump caused clearly an inhibitory effect of the ureteral move- 
ments though in a slight degree. These facts accord with Protopopow’s find- 
ings and seem to indicate that the electrical stimulation reached the inferior 
mesenteric ganglion through the hypogastric nerve and presumably as an axon 
reflex influenced the ureteral contractions through the nerve branches passing 
from the inferior mesenteric nerve to the ureter. Sometimes there occurred 
evidence of tonic contractions after stimulation of the branch was stopped. 

Painting and intra-ureteral injection of adrenalin, atropin and other drugs 
caused their respective effects in the same manner on the ureter in situ as in 
ring preparations, but to a slighter degree. 
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As a result of these three typical experiments and others which gave 
similar results light is thrown upon the important question of the in- 
nervation of the ureter. The motor effect of stimulation of the splanch- 
nic nerve indicates evidently that there are nerve endings of the tho- 
racico-lumbar (sympathetic) outflow in the ureter. As this fact has 
been stated by many different observers we may assume that it can be 
accepted without question. In almost all of my experiments (nos. 3, 
1, 6, 7, 8, 9, 10, 11, 12, 14, 15) this result was obtained. 

In regard to the innervation of the ureter by the pelvic nerve, in 
other words the presence of parasympathetic nerve endings, there has 
been some difference of opinion. In most of the present experiments 
(nos. 3, 4, 6, 8, 9, 11, 12, 14) definite evidence was obtained of the 
existence of the parasympathetic motor neurones, which come up to 
the ureter through the connector nerve fibers of the sacral outflow, 
i.e., the pelvic nerve. Some objections may be made against the ex- 
periments on the ground that the electrodes must be brought so near 
to the ureter that the currents might escape into the ureter through the 
tissues which accompany the fibers of the pelvic nerve. 

But the fact that mechanical stimulation such as squeezing the nerve, 
as in experiment 3, also caused a series of vigorous contractions, can 
be regarded as indisputable evidence that the pelvic nerve carries motor 
fibers to the ureter. This result accords also with the results which 
were obtained pharmacologically with the ring preparations of the 
excised ureter, as described above. 

The method of experimentation described in this section did not 
throw any light upon the relative distribution of the sympathetic and 
parasympathetic fibers. The conclusion in regard to this point rests 
upon the pharmacological results already described. 


DISCUSSION 


On the peristalsis of the ureter. All smooth muscle tissues possess 
the power to contract, but they need to be in close continuity with 
nerve elements for the development of the contraction. The ureter 
has a well developed muscle coat, and within the ureter wall there is 


found a complete nervous system composed of a network of fibers 
with many ganglion cells as shown by many authors and confirmed in 
my study of the histology of this organ. According to my finding 
there are two nerve plexuses situated in the outer fibrous coat and 
submucosa immediately embracing the muscle layer over its outer 
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and inner sides. From the close situation of these nerve plexuses to 
the muscle layer we may infer that the contractions of the ureter are 
dlue to this intrinsic nervous system. That the ureter is capable of con- 
tracting spontaneously without the action of extrinsic nerves, is dem- 
onstrated by the spontaneous contractions of excised pieces when kept 
in Locke’s solution at a temperature of 38°C. 

In regard to the direction of the contraction wave of the ureter, 
which begins at the upper end and proceeds toward the bladder in the 
form of a peristalsis, the author finds an immediate explanation in the 
experiment in which three ring preparations made from different parts 
of the ureter were observed to contract after different periods of time; 
the upper end being most responsive to a stimulus and the responsive- 
ness decreasing gradually toward the lower end. In the normal con- 
dition in situ the contraction wave develops at the upper end on «c- 
count of the greater irritability at that end, favored perhaps also by the 
mechanical pressure of the secretion. 

On the innervation of the ureter. The innervation of the ureter has 
been investigated by many authors, whose statements are quite di- 
vergent. Langley and Anderson (10) dissected out three ureteral 
branches from the hypogastric nerve in the cat. Protopopow sug- 
gested that the splanchnic nerve augmented the peristalsis of the 
ureter in the dog. Fagge and Stern observed an accelerating effect of 
the hypogastric nerve. Elliot (11) also described a slight movement 
of the ureter by stimulating the hypogastric nerve. 

Gaskell (12) in his monograph on The involuntary nervous system 
mentions that the segmental ducts, namely the uterus, the ureter and 
the vas deferens, possess both motor and inhibitory fibers, which arise 
from nerve cells belonging to the thoracico-lumbar outflow, but adds 
that there is no evidence that these structures are connected in the 
slightest degree with the pelvic nerve. He states also that the nerve 
cells with which the sympathetic nerve fibers are connected are placed 
in the ureter itself. Gaskell’s argument for the innervation of the 
ureter by the sympathetics only rests largely upon embryological 
considerations. 

In my experiments I found pharmacologically, on the one hand, the 
presence of both the sympathetic and parasympathetic nerve endings. 
On the other hand, I confirmed by stimulation the innervation of this 
organ by both the splanchnic and the pelvic nerves. There is, therefore, 
no doubt of the existence of sympathetic and parasympathetic nerve 
endings in the ureter wall, connected with the preganglionic fiber: of 
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the thoracico-lumbar and sacral outflow (i.e., the splanchnic and pelvic 
nerves) respectively. In two cases small nerve filaments were followed 
anatomically from the pelvic nerve to the ureter. 

Delicate filaments given off from the inferior mesenteric nerve and 
going to the ureter were found on stimulation to exert an inhibitory 
effect. 

On the prevention of the reflux of the bladder content into the ureter 
lumen. It is an important problem as to whether or not the bladder 
content can flow back into the ureter under normal conditions. Asa 
matter of fact various clinicians describe an ascending nephritis, which 
follows infection of the bladder. If such is the case there is some 
doubt as to whether the deleterious condition in the bladder may 
have an effect on the kidney by direct transmission through the ureter, 
or in some indirect way. 

Some urologists as Petit, Hallé, Sappy, Zuckerkandle and Tuchman, 
and the physiologist, Sigmund Mayer, have stated that the normal! 
closure of the ureter is competent to prevent a reflux. Harrison, from 
his clinical observation, believed that regurgitation can only be brought 
about by very gradual means, not by a sudden flow into the ureter. 
Guyon and Albarran obtained the same result as Harrison in their ex- 
perimental work. On the other hand, most of the experiments of 
Lewin and Goldschmidt (13) have indicated the possibility of a reflux 
even in normal conditions, but Lucas claims that the normal uretero- 
vesicular valves can wholly prevent the reflux of the urine. 

As a result of my experiments I find that normally there is no reflux 
into the ureter, although from my anatomical findings and those of many 
authors there is found no special structure of the nature of a sphincter 
at the end of the ureter. 

In some of my experiments on dogs and pigs the bladders were re- 
moved with a small adjacent part of the ureters and urethras. The 
bladder was gradually distended by salt solution to the greatest de- 
gree, but there was no drop of leakage from the ureter stump; and the 
bladder thus distended could be kept for days. This fact indicates 
that the bladder content may not flow back into the ureter lumen 
even with fullest distention of the bladder. After destroying all mus- 
cles of the bladder wall, which cover the intraparietal part of the 
ureter, a slow leakage was produced through the ureter. The preven- 
tion of a reflux is referable to a physical mechanism to a large extent. 
The distended bladder muscles over the ureter press the ureter to- 
gether closely and moreover the slit-like opening of the ureter tends to 
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close the opening so that even after destruction of the bladder muscu- 
lature the leakage back into the ureter is very slow. 

In addition to these physical mechanisms the prevention of a reflux 
is probably aided by a more distinctly physiological activity. A layer 
of longitudinal muscle is found on the outer side of its intraparietal 
part, while the Waldeyer’s ureter sheath covers the medial side of the 
small section just above the intraparietal part. The contraction of 
the former tends to close the orifice, and the contraction of the latter 
causes the lip-shaped upper rim to protrude. These mechanisms thus 
assist in preventing the reflux of urine into the ureter. 


CONCLUSIONS 


1. The excised ureter gives spontaneous contractions in oxygenated 
Locke’s solution. The contractions vary in rate and character with 
different individuals. 

2. The amplitude and rate of the spontaneous contractions vary also 
in different parts of the ureter. The contractions of the middle part 
are large and slow, those of the kidney end are lower and faster, while 
at the bladder end the contractions are very small in size and slow in 
rate. These differences so far as size is concerned are correlated with 
the different thickness of the circular muscular coat which has its 
largest development in the middle section. 

3. Adrenalin and physostigmin stimulate the movements of the 
ureter. 

Adrenalin affects the upper portion of the ureter more strongly while 
physostigmin gives a more distinct reaction on the lower portion. 

4. Ergotoxin in large doses antagonizes the action of adrenalin but has 
no influence upon the action of physostigmin. With atropin in large 
doses the opposite reaction holds; it antagonizes the action of physos- 
tigmin but not of adrenalin. In accordance with the usual interpre- 
tation, these reactions indicate the presence in the ureter of sympathetic 
and parasympathetic fibers. 

5. Nicotin in large doses paralyzes the movements of all parts of the 
ureter, thus corroborating the histological finding of ganglion cells along 
the whole length of the ureter. 

6. The irritability of the ureter as displayed by the rhythmic con- 
tractions of isolated rings in Locke’s solution is greatest at the upper 
end and diminishes gradually toward the bladder. 

7. The action of adrenalin and ergotoxin is most marked at the 
upper end of the ureter, while the characteristic effects of physostigmin 
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and atropin are displayed especially by rings taken from the lower 
end. The middle section reacts somewhat equally to the two sets of 
drugs. It is inferred from these facts that the upper end is inner- 
vated chiefly by sympathetic fibers, and the lower end by parasympa- 
thetic fibers, while in the middle there is an approximately equal dis- 
tribution of the two sets of fibers. 

8. Stimulation of the peripheral end of the splanchnic nerve causes 
the development of contractions in a quiescent ureter. Stimulation of 
the peripheral stump of the pelvic nerve also causes the development 
of contractions in the ureter. 

9. The ureteral muscles receive inhibitory fibers by way of the 
communicating branch to the inferior mesenteric ganglion. The action 
of these fibers is to slow the rhythm of the ureteral contractions. 

10. The prevention of a reflux of the bladder content into the ureter 
is complete under normal conditions. The closure is effected mainly 


by a physical mechanism, but is assisted by the physiological activity 


of the musculature at the intraparietal portion of the ureter. 
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